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Monica Tello, Martin Rejzek, Barrie Wilkinson, David M. Lawson*,
and Robert A. Field*

The cover picture shows the modelled structure of Streptomyces fradiae Tyl1a and the
isomerisation reaction it catalyses en route to the biosynthesis of the antibiotic tylosin.
Specifically, Tyl1a is a TDP-6-deoxy-b-xylo-4-hexulose 3,4-isomerase. Using a combina-
tion of homology modelling, site-directed mutagenesis and solvent isotope incorpora-
tion experiments, we have identified potential catalytic residues of Tyl1a. This enzyme is o -
predicted to be dimeric, with the core of each subunit comprised of a cupin-like [3- > EWILEY-VCH
barrel where catalysis takes place. A single -barrel is shown, with the catalytic residues

depicted in full atom representation. This study has enabled us to postulate a reaction

mechanism for Tyl1a that is similar to that of the structurally related RmIC family of

ketosugar nucleotide epimerases. For more details, see the article by R. Field, D. M.

Lawson et al. on p. 1295 ff.
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Rational Modification of Ligand-Bind-
ing Preference of Avidin by Circular
Permutation and Mutagenesis

ChemBioChem 2008, 9, 1124-1135
DOI 10.1002/cbic.200700671

An error has been found in the interpretation of the mass spectroscopy data in this
paper. On p. 1125, the section under the heading “Mass spectrometry” should read:
Electrospray ionization Fourier transform ion cyclotron resonance (ESI FT-ICR) mass
spectrometry was used to confirm the amino acid sequences and proper folding of
the proteins (mass spectra not presented). For some unknown reason, dcAvd2 was
the only protein that could not be identified by this method. A possible reason
could be the fragmentation of the protein, which can also be seen in the SDS-PAGE
analysis (Figure 1A). The most abundant isotopic masses were determined to be
14685.52 4+-0.07 Da for Avd(N118M), 14285.24+0.01 Da for cpAvd4—3, and
14302.18 +0.03 Da for cpAvd4—3(N118M). The theoretical masses of Avd(N118M),
cpAvd4 —3, and cpAvd4 —3(N118M) calculated from the sequence-derived elemental
compositions were 14685.50, 14285.19, and 14302.19 Da, respectively. Therefore,
mass spectrometric analysis confirmed the isolated proteins to be in excellent agree-
ment with the protein design and DNA sequencing. This also implies that there are
no post-translational modifications in the isolated proteins.”® When the disulfide
bridges were reduced, the most abundant isotopic masses of the proteins increased
by 2 Da, as expected; this indicates proper folding of the polypeptides.
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Silica Biomineralisation in Diatoms: The Model Organism

Thalassiosira pseudonana

Manfred Sumper*® and Eike Brunner™

After complete genome sequencing, the diatom Thalassiosira
pseudonana has become an attractive model organism for silica
biomineralisation studies. Recent progress, especially with respect
to intracellular silicic acid processing, as well as to the natures of
the biomolecules involved in diatom cell wall formation, is de-
scribed. On the one hand, considerable progress has been made
with respect to silicon uptake by special proteins (SITs) from the

Diatoms are an abundant and widespread group of eukaryotic
algae (class Bacillariophyceae). A diatom cell is tightly enclosed
in a silica-based cell wall that is constructed like a Petri dish.
This rigid cell wall consists of two halves, with the top half
(epitheca) slightly overlapping the smaller bottom part (hy-
potheca). Each half is made up of a valve and several girdle
bands. Diatom cell walls are famous for being intricately and
ornately structured on the nanometer scale. Their shells, being
composed of hierarchically organised silica elements, are
among the most beautiful objects for microscopic studies.!
The cell wall structure is species-specific, so diatom identifica-
tion is mainly based on analysis of the hierarchically organised
silica structures. An estimated number of about 200000
diatom species exist worldwide.” Diatoms can be found in
salt- and freshwater habitats, in soils and on nearly all types of
damp substrates. Diatoms are a major constituent of oceanic
phytoplankton and are assumed to contribute up to 40% of
total oceanic primary production.”! The global impact of dia-
toms is also documented by the existence of huge deposits of
fossil diatom cell walls known as diatomaceous earth, diatom-
ite, or kieselguhr, which are commercially exploited for the pro-
duction of filters and separation media, as well as explosives.

SEM images from a few representative diatom genera are
shown in Figure 1. These organisms precisely reproduce silica
formation and patterning, generation by generation. That
means that the production of this nano-structured silica is
under genetic control, which in turn implies the existence of
specific gene products (proteins) guiding these biomineralisa-
tion processes. Immediately after cell cleavage, each daughter
cell initiates the synthesis of a new hypovalve. This biogenesis
takes place in a specialised intracellular compartment, the so-
called silica deposition vesicle (SDV)."! The SDV is considered
to be a cellular “reaction vessel” in which all the chemical
steps of silica formation and patterning take place. The shape
of the SDV must be assumed to be determined by the cyto-
skeleton, and in turn influences the shape of the developing
valves.

Biosilica from all diatom species investigated so far has
turned out to be a composite material containing proteins

ChemBioChem 2008, 9, 1187 - 1194

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

surrounding water, as well as to the storage and processing of
silicon before cell division. On the other hand, the discovery and
characterisation of remarkable biomolecules such as silaffins,
polyamines and—quite recently—of silacidins in the siliceous cell
walls of diatoms strongly impacts the growing field of biomimet-
ic materials synthesis.

(mainly the silaffins) and long-chain polyamines as organic
components. These organic constituents have been recognised
as important players participating in silica biomineralisation.
Several recent reviews have described the structures and prop-
erties of these organic molecules (mainly from the diatom Cy-
lindrotheca fusiformis) and their possible function in silica for-
mation and patterning.”® The recent sequencing of the com-
plete genome of Thalassiosira pseudonana has greatly simpli-
fied biochemical studies on biomineralisation and qualifies this
species as a model organism for future research into silica bio-
mineralisation.”’ In addition, diatom cells can be transformed
by the classical particle gun method,"” offering the possibility
of genetic studies on biomineralisation.""'® This minireview
has been exclusively conceived to highlight a few very recent
developments and discoveries not yet covered by the previous
articles, and in particular focuses on biochemical and biophysi-
cal data obtained for the model diatom T. pseudonana.

The Enigma of the Intracellular Processing of
Silicic Acid

The predominant form of dissolved silicon in marine and fresh-
water environments is monosilicic acid, Si(OH),, which also
represents the source for the biogenesis of the cell walls of di-
atoms."¥ Global oceanic average concentration amounts to
70 uMm monosilicic acid.™ In aqueous solution, silicic acid re-
mains in the monomeric state as long as the concentration is
less than about 2 mm, but polymerises at higher concentra-
tions to form polymers recognisable as colloidal particles.™
The predominance of diatoms in phytoplankton communities
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Figure 1. SEM images from a few representative diatom genera. A) Thalassio-
sira pseudonana, B) Actinoptychus spec., C) Eucampia zodiacus, D) and E) Co-
scinodiscus granii, complete cell wall and high-resolution image of the valve
patterning.

is directly related to the availability of silicon. Even at silicon
concentrations as low as 2 um, diatoms typically represent
more than 70% of the plankton community. The highly effi-
cient silicic acid uptake system operating in diatoms has been
the subject of extended investigations. Originally, a gene
family of silicon transporters (SITs) was identified in the pen-
nate diatom Cylindrotheca fusiformis."®'” SITs have been found
in all diatom species investigated since then.'”:'® Different SITs
exhibit distinct patterns of expression through the cell cycle,
suggesting some degree of functional specialisation among
paralogues.'”

The processes underlying the intracellular transport and
transfer into the SDV after the uptake of silicic acid by a
diatom cell (Figure 2) remain poorly understood. Numerous
papers on diatoms report the existence of intracellular silicon
storage pools that might represent up to 50% of the total cel-
lular biosilica, depending on the species.”®? This silicon stor-
age pool, if present, is believed to accumulate silicon for the
production of a new valve.'"" It is important to note in this
context that the formation of a valve is a rapid process: the
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Figure 2. Schematic description of silicon uptake and cell wall formation in
diatoms during cell division (top, left: SIT, silicon transporter; STV, silicon
transport vesicle; SDV, silica deposition vesicle) and fluorescence microscopic
image of a T. pseudonana cell during cell division (top, right). The °Si MAS
NMR spectrum below (green) was obtained from cells pulse-labelled with
»Sj at the developmental stage shown in the image. Note that both the flu-
orescing structures in the image and the 2Si NMR signals in the spectrum
are exclusively due to freshly synthesised silica. Fluorescence labelling of
freshly synthesised silica structures was performed as described by Descles
et al.® For comparison, a liquid-state °Si NMR spectrum of a solution con-
taining mono- and disilicic acid is also shown (black).

two-dimensional expansion of a valve in the SDV takes place
within only 15 min in the case of Navicula salinarum, demand-
ing a rapid supply of silicon.”” The reported concentrations of
the intracellular silicon within the storage pool®?! strongly
exceed the levels necessary for stability of monosilicic acid,!"
excluding this molecule as the intracellular substrate for silica
formation. A soluble silica pool of 0.9-4.6 fmol per cell has
been reported for T. pseudonana,”? corresponding to concen-
trations of 20-100 mwm for typical cells of about 5 um diameter
and 2.5 pm thickness. Various possibilities have been discussed
in the literature. Azam et al.” suggest that silicic acid is associ-
ated with some kind of organic material or special proteins,
thus forming a stable silicic acid pool inside the cell. Another
silicon storage mechanism would be some kind of prepolymer-
isation of silicic acid inside the cells, such as the formation of a
so-called polyamine-stabilised silica sol as suggested by
Sumper.”?® Schmid and Schulz?” proposed the existence of
special silicon transport vesicles (STVs) on the basis of the ob-
servation that certain cytoplasmic vesicles are seen to fuse
with the developing SDV. Until now, however, there has been
no evidence for the presence of silicon inside these vesicles,

ChemBioChem 2008, 9, 1187 - 1194



www.chembiochem.org



Silica Biomineralisation in Diatoms

although silicon-containing vesicles were recently identified
during the formation of the siliceous spicules of sponges.”®

A major reason for the uncertainty concerning the silicon
storage mechanisms is that the techniques commonly applied
for the determination of internal silicon storage pools are not
able to distinguish between the different condensation states
of silicic acid. This is particularly true for silicon bound to or-
ganic matter. The molybdate method (Martin-Jézéquel et al.”?
and references therein) exclusively detects mono- and disilicic
acid and requires the prior destruction of the diatom cells and
chemical treatment of the remaining compounds. Alternatively,
the radioisotopic analogue ®Ge (Martin-Jézéquel et al?? and
references therein) can be used as a tracer for silicon. This
method can be applied to investigation of intact cells but
again suffers from the fact that there is no possibility to distin-
guish between silicic acid, polymerised silicic acid species and
silicon bound to organic molecules.

2Si NMR spectroscopy is a powerful and nondestructive tool
with which to investigate and distinguish the different silicon
species because the chemical shifts are very sensitive to
changes in the chemical environment,”3" such as if silicon is
bound to organic material. Several solid-state 2°Si NMR studies
have been performed on extracted diatom cell walls or freeze-
dried cells,**>* but to the best of our knowledge only one
#Si NMR spectroscopic study on intact diatom cells has been
carried out so far. In that study, liquid-state *Si NMR was ap-
plied.”®" A dominant signal at —71 ppm corresponding to free
monosilicic acid and a weak and transient signal at —131 ppm
could be observed. The latter signal has been assigned to a hy-
percoordinated organosilicon complex that was suggested to
be a silica precursor compound. However, liquid-state 2°Si NMR
spectroscopy is not able to identify slowly tumbling or immo-
bilised species such as silicic acid attached to organic compo-
nents or polysilicic acid species. This can be achieved, however,
by solid-state °Si NMR spectroscopy, which was used recently
in order to study integer cells of a synchronised T. pseudonana
culture.®” A characteristic *Si MAS NMR spectrum of integer
diatom cells is shown in Figure 2. This spectrum only repre-
sents newly synthesised silica: the cells were initially grown
and synchronised® in a medium only containing %Si. After
synchronisation (monitored by applying a fluorescence dye
that labels newly synthesised silica structures), pure #’Si-con-
taining medium was added in order to pulse-label intracellular
silicon pools.

Two interesting observations were made. Firstly, there was
no indication of precursor compounds such as well defined
and stable hypercoordinated silicon or organosilicon com-
plexes. Instead, all silicon taken up by the cell obviously exists
as precondensed silica, showing the common Q-group signals
characteristic for silica.®" Therefore, it is suggested that the sili-
cic acid rapidly forms prepolymerised silicic acid species. Sec-
ondly, intact diatom cells always exhibit a lower degree of
silica condensation than the extracted cell walls, as reflected in
the lower Q¥Q® ratio.23” Therefore, it is concluded that the
diatom species T. pseudonana does not store silica in the form
of well defined and stable organosilicon complexes. Instead,
the observed #Si MAS NMR spectroscopic investigations are

ChemBioChem 2008, 9, 1187 - 1194
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consistent with the presence of precondensed silica species.
Silica sols are known to be stabilised by polyamines, as has
already been demonstrated in vitro,”®’ and may act as the sub-
strate for the production of new valves and girdle bands
during the cell division cycle, as the presence of polyamines in
diatoms has been demonstrated previously.*” The silica sol
nanospheres would only deliver the common signals due to
four-coordinated Q-groups in the #Si NMR spectra, probably
with Q*/Q’ ratios different from those in pure diatom cell walls
depending on their size and condensation state, in agreement
with the experimental results.*” This scenario is completely in
line with the observation that diatom biosilica is composed of
fused silica nanospheres.[*-*!

Structural Features of Polyamines Found in
Diatom Biosilica

In all diatom species investigated so far, biosilica has turned
out to contain long-chain polyamines as an organic constitu-
ent.”? Investigated species cover the following genera: Chaeto-
ceros, Coscinodiscus, Cylindrotheca, Eucampia, Navicula, Stepha-
nopyxis and Thalassiosira. The polyamines—even from closely
related diatom species—exhibit differences and species-specif-
ic structural characteristics.*” Structural variations include the
overall chain length, the degree of methylation, the positions
of secondary and tertiary amino functionalities and, unexpect-
edly, even the site-specific incorporation of quaternary ammo-
nium functionalities. A selection of typical polyamine structures
covering these features is shown in Figure 3. Most polyamines
are based on putrescine, although a subpopulation of poly-
amines isolated from T. pseudonana is formally derived from
propane-1,3-diamine.”” The polyamines extracted from Cosci-
nodiscus granii cell walls do not exhibit any methylation at all
and consequently contain only primary and secondary amino
functionalities. The much shorter polyamines found in T. pseu-
donana display terminally located tertiary amino functionalities
generated by methylation. A higher degree of methylation is
found in the polyamines from Coscinodiscus wailesii. Only four
secondary amino groups remain in site-specific positions. Final-
ly, permethylated long-chain polyamines are a typical feature
in the diatom Coscinodiscus concinnus. Minor polyamine com-
ponents isolated from T. pseudonana as well as from C. wailesii
even include a quaternary ammonium functionality at a site-
specific position, which introduces a permanent positive
charge.™* The tentative structure of such a very special poly-
amine is shown in Figure 3.

The existence of species-specific differences in polyamine
structures, even among diatoms within the same genus (com-
pare Coscinodiscus granii, wailesii and concinnus in Figure 3)
supports the idea of a specific role of polyamines in creating
species-specific silica nanostructures.*

Structural Features of Silaffins Found in
Diatom Biosilica

Silaffins are highly post-translationally modified peptides oc-
curring in the cell walls of numerous diatom species. Originally,
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Sil-3) were found to be derived from these genes.”"

All of them are components of the cell wall. Sil-1L
and Sil-2L are closely related lysine-rich peptides
(Figure 4). Sil-1H and Sil-2H are higher molecular
mass isoforms of Sil-1L and Sil-2L with N-terminal ex-
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tensions. Finally, another silaffin gene encodes the
much larger Sil-3 protein, while quite recently it has
been possible to identify another silaffin gene encod-
ing the silaffin Sil-4 (Wenzl, Hett and M.S., unpublish-
ed results; see below).

The chemical characterisation of the numerous

C.walilesii
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posttranslational modifications in silaffins remains a
challenge. Quite recently, the structures of nearly all
modified lysines within Sil-3 from T. pseudonana have
been characterised, and it was possible to unveil an
amino acid sequence-based code selecting the type
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of modification.®? The polypeptide chain of Sil-3 con-
tains 33 lysine residues, 30 of which are embedded
in a defined K-(A/S/Q)-X-K tetrapeptide sequence
(boxed in Figure 4). This regularity suggested the ex-
I istence of rules for the introduction of a given type
of lysine modification, an idea that has meanwhile

been confirmed. For all tetrapeptide motifs sufficient-

C.wailesii (minor component)
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ly well separated from each other, the N-terminally
located lysine is modified by two aminopropyl units
(4,8-diazaoctanyl residue), whereas the C-terminally
located lysine is converted into &-N,N-dimethyllysine.
More complex rules apply if these tetrapeptide
motifs are clustered within the polypeptide chain. In
this case, the very first and the last lysine residue of a

Figure 3. Representative structures of long-chain polyamines associated with biosilica
from different diatom species. Primary (black), secondary (blue), tertiary (green) and qua-

ternary (red) amino functionalities are shown in different colours.

silaffins were discovered in the diatom C. fusiformis.*” Silaffin-
1A, from this diatom is a peptide (15 amino acid residues)
mainly composed of serine and lysine units. All the serine units
turned out to be phosphorylated, and all the lysine units are
either methylated or covalently linked with polyamines.”® An-
other silaffin-1 A variant (-1 A,) even contains a quaternary am-
monium group introduced in the form of an &-N,N,N-trimethyl-
d-hydroxylysine residue.*” This set of modifications creates
highly zwitterionic peptides with the capability for self-assem-
bly driven by ionic interactions. These macromolecular assem-
blies create matrixes that are able to guide silica formation
and precipitation. Silaffin-2 from C. fusiformis features addition-
al post-translational modifications such as phospho-hydroxy-
prolines, glycosylations, and sulfations.™”

The extremely high degrees of posttranslational modification
present in all silaffins very often prevent the collection of
amino acid sequence data required for the cloning of novel si-
laffin genes. Therefore, the recent sequencing of the T. pseudo-
nana genome has greatly simplified the identification of three
additional silaffin genes, termed sil1, sil2 and sil3. By alternative
processing, five gene products (Sil-1L, Sil-1H, Sil-2L, Sil-2H and
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cluster are converted into hydroxylysine residues in-
cluding quaternary ammonium functionalities (struc-
ture shown in Figure 4). The detailed pattern of
lysine modifications is schematically summarised in
Figure 4, and the tentative positive and negative
charges within this polypeptide chain are indicated
by red and blue labelling (serines, as possible phosphorylation
sites, are also shown in blue).

The existence of such rules implicates the presence in di-
atoms of an enzymatic machinery that transforms the amino
acid sequence information within a silaffin polypeptide into a
pattern of positive (and negative) charges that certainly deter-
mines the assembly behaviour of these molecules. At least in
vitro, only assemblies of silaffins are able to guide hard silica
formation (and patterning). This code might, therefore, repre-
sent a link between species-specific silica morphologies and
their genetic control.

It has recently even been possible to identify a further relat-
ed silaffin (denoted as Sil-4) as a constituent of T. pseudonana
biosilica (Wenzl, Hett and M.S., unpublished results). This
highly zwitterionic silaffin is similarly organised with respect to
its lysine residues (Figure 5). A greater number of clustered tet-
rapeptide motifs than in Sil-3 are found to be present, and—as
predicted by the rules derived for Sil-3—a higher percentage
of hydroxylysines with quaternary ammonium functionalities
could be determined by mass spectroscopic analysis in acid
hydrolysates of Sil-4.

ChemBioChem 2008, 9, 1187 - 1194
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Figure 4. Primary structures of silaffins from T. pseudonana. Sil-1L: The amino acid sequence as derived from the
corresponding gene contains a sequence RRPL that has previously been recognised as a signal for processing of
silaffin precursor polypeptides. Therefore, the mature Sil-1L is likely to lack the C-terminal sequence shown in ital-
ics. Sil-3: The nature and distribution of complex lysine modification within the silaffin-3 polypeptide. The type of
lysine modification is indicated by the symbols representing the chemical structures shown. Tentatively positive

and negative charge carriers are shown as red and blue letters, respectively.
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Figure 5. Primary structure of Silaffin-4 from T. pseudonana. Lysine-contain-
ing tetrapeptide motifs are boxed. Positive and tentatively negative charge
carriers (serine phosphate) are shown as red and blue letters, respectively.
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zarre peptides mainly consist of
serine phosphates and the acidic
amino acids aspartic and gluta-
mic acid. Because of their pres-
ence in silica, combined with
their acidic characters, these
peptides were named silacidins.
The structure of the main silaci-
din component is shown in
Figure 6. A polyamine/silacidin
binary system is able to precipi-
tate silica from a silicic acid solu-
tion. The efficiency of silacidins
as cross-linkers is remarkable:
concentrations of phosphate
. anions at least two to three
orders of magnitude higher
would be required to induce
comparable amounts of silica
precipitation. As shown previ-
ously for phosphate anions,”
the silacidin concentration con-
trols the size of the precipitating

++
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OPO;H

OPO;H" OPO;H™ OPO;H” OPO;H"

OPO;H OPO,H OPO;H°  OPO;H

Figure 6. Primary structure and phosphorylation of silacidin A from T. pseu-
donana.

silica nanospheres. Increasing silacidin/polyamine ratios cause
the formation of nanospheres with increasing diameters.
Interestingly, phosphopeptides of similar composition have
also been found in quite different biomineralisation processes
involving (transiently amorphous) inorganic phases: calcium
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phosphate and calcium carbonate.®®*" For instance, phos-
phophoryn, an acidic protein containing numerous aspartates
and serine phosphates, is involved in the matrix-mediated pro-
cesses responsible for dentin formation.® Phosphophoryn is
believed to play a dual function: it is able to organise matrix
assembly by cross-linking fibrillar collagen and also to initiate
mineralisation by binding calcium ions.®" Silacidin, the first
highly acidic peptide involved in biosilica formation, probably
has similar functions. This puts the concepts of acidic proteins,
phosphates and their interactions with inorganic phases in bio-
mineralisation,®” as well as their role in the hierarchical assem-
bly of composite materials,*” into a broader evolutionary con-
text.

[55-57]

Mechanistic Studies

The ability of amines and polyamines to accelerate silicic acid
polymerisation was originally recognised by Mizutani et al.*® In
addition, they found that the resulting silica gel represents a
composite material incorporating the applied polyamine. After
the discovery of polyamines acting in biosilica formation, many
synthetic polyamines were analyzed with respect to their activ-
ities in silicic acid polymerisation. Particularly well investigated
polyamines include poly(allylamine),***** poly(amino acids),*"
%81 dendrimers,”® poly(ethyleneimines)”” and putrescine homo-
logues.”” A systematic study employing model compounds
was carried out in order to investigate the influence of the
amine structure upon the ability to accelerate silica condensa-
tion.”? A main conclusion drawn from these experiments was
that increased alkylation (methylation) of an amine results in
significantly higher reaction rates, confirming earlier observa-
tions.”¥ In particular, bis(quaternary ammonium) groups dis-
played the greatest reactivity enhancement. This observation is
in agreement with a mechanism proposed by Coradin et al.,”
suggesting that neighbouring ammonium groups help to pre-
concentrate anionic oligosilicic acid molecules, thereby en-
hancing the rate of condensation. These interpretations are in-
teresting in the context of the Sil-3 structure from T. pseudo-
nana (Figure 4). In this silaffin, clusters of bis(quaternary am-
monium) groups are a characteristic feature that might have
evolved to provide a high rate of silica formation.

To understand the mechanism of silica formation, it is impor-
tant to realise that long-chain polyamines not only accelerate
silicic acid polymerisation (gel formation) but are also able to
precipitate hard silica within minutes. As mentioned above,
this latter property of polyamines depends on the formation of
macromolecular assemblies including polyamines and polyan-
ionic components.

In vitro, the binary polyamine/Sil-3 system guides silica pre-
cipitation in a very remarkable manner. If increasing amounts
of silaffin are added to a given amount of polyamine and mon-
osilicic acid, the resulting degree of silica precipitation follows
a bell-shaped curve.”" This has been attributed to an inhibito-
ry function of Sil-3, which was therefore classified as a “regula-
tory silaffin”. As mentioned above, polyamines initiate hard
silica formation only in an aggregated state. On this basis, we
propose an alternative interpretation of the behaviour of the
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binary polyamine/Sil-3 system. The bell-shaped curve resem-
bles a Heidelberger-Kendall curve” as observed in antigen/
antibody immunoprecipitations: maximum precipitation of an-
tigen/antibody complexes occurs at the point of equivalence,
where cross-linking of antigen and antibody is the most likely
event. Excess amounts either of the antibody or of the antigen
only produce small complexes. If analogous behaviour is as-
sumed for the polyamine/silaffin system, large macromolecular
assemblies formed by cross-linking should be observed only at
the point of equivalence. In the presence of an excess of poly-
amine or silaffin, only small silaffin/polyamine complexes exist
(Scheme in Figure 7). The latter complexes are less efficient in

A A
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) %
< Sil B~ Sil >
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Figure 7. Aggregation behaviour and silica-precipitating activity of poly-
amine/silaffin-3 mixtures. Increasing amounts of silaffin-3 were added to a
constant concentration of polamines (50 um) buffered at pH 5.8 with sodium
acetate. The resulting turbidity was measured at 660 nm. The silica precipita-
tion activities (grey bars, SiO, precipitated after 10 min) of different poly-
amine/silaffin-3 mixtures were determined by the addition of silicic acid to a
final concentration of 40 mm. The scheme presents the interpretation of the
aggregation behaviour of polyamine/silaffin-3 mixtures according to the Hei-
delberger-Kendall model of immunoprecipitation. The positively charged
polyamines are shown as red bars and the blue patches denote negatively
charged clusters in silaffin-3.

guiding silica precipitation, which explains the bell-shaped
curve observed in silica precipitation experiments. Turbidity
measurements (Lehmann and M.S., unpublished results)
indeed confirm this interpretation. The addition of increasing
amounts of Sil-3 to a given amount of polyamine (in the ab-
sence of silicic acid!) causes an increase in turbidity (absorb-
ance at 660 nm) towards a maximum indicating the formation
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of large macromolecular complexes. Remarkably, this maxi-
mum of turbidity exactly coincides with the maximum of silica
precipitation activity of the polyamine/Sil-3 mixture (Figure 7).
Qualitatively identical results could be obtained for the binary
system polyamine/Sil-1H.

Summary and Outlook

Silica biomineralisation in diatoms continues to be a challeng-
ing field of fundamental research. During the past few years, a
number of interesting new observations have been made,
especially for the model organism T. pseudonana. It has been
possible to obtain new insights into the processing of silicon.
On the one hand, considerable progress has been made with
respect to silicon uptake by special proteins (SITs) from the sur-
rounding water, as well as to the storage and processing of sili-
con before cell division. On the other hand, the discovery and
characterisation of remarkable biomolecules such as silaffins,
polyamines and—quite recently—of silacidins in the siliceous
cell walls of diatoms strongly impacts the growing field of bio-
mimetic materials synthesis. Recently, numerous papers report-
ing on biomimetic or bioinspired approaches to silica synthesis
have appeared (for selected examples, see refs. [76-79]). In the
meantime it has proved possible to synthesise sophisticated
materials such as double-walled silica nanotubes,”® helical
silica fibres”” and many others, apart from silica nanospheres.
Hollow silica spheres could be formed in the confined environ-
ments of reverse micelles.”® Three-dimensional polyamine-rich
scaffolds have been silicified by the so-called direct ink writing
technology.” These robotically created structures mimic the
shape of naturally occurring diatom frustules amazingly well.

The biomolecules found in biosilica elegantly combine two
indispensable functions. On the one hand, they are capable of
accelerating silica formation, as well as of stabilising the result-
ing silica sols. On the other hand, they are capable of forming
macromolecular assemblies that are assumed to act as struc-
ture-directing templates. Remarkably, all the macromolecular
self-assembly processes operating in silica formation are con-
trolled mainly through electrostatic interactions. This concept
is corroborated by the silacidins—a new class of super-anionic
peptides. In this context, it is tempting to speculate that the
observed variety of silaffin species might be required in order
to guide the production of different substructures of a diatom
cell wall.

It is, furthermore, highly remarkable that the spicule forma-
tion in silica sponges more and more appears to rely on princi-
ples analogous to those found for diatoms. So far, two striking
analogies have been discovered. Firstly, special biomolecules—
the so-called silicateins—have been identified in silica spong-
es.¥ Sjlicatein filaments are capable of directing silica precipi-
tation in vitro.®" As it has been possible to show mean-
while, B8 the abilities of these biomolecules to self-assemble
depend critically on their phosphorylation, in analogy to the
silaffins found in diatoms.*® Secondly, long-chain polyamines
with structures similar to those observed previously in diatoms
were recently discovered in the silica sponge Axynissa aculea-
ta.®™ The sponge polyamines contain sulfate ions as counter-
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ions and are capable of inducing silica precipitation in vitro.
Moreover, the discovery of the silacidins is an interesting anal-
ogy to the observation of similar proteins (such as phospho-
phoryn) found to be involved in calcium phosphate and calci-
um carbonate biomineralisation processes. These unexpected
analogies give rise to questions about possible evolutionary
relationships between rather different biomineralisation pro-
cesses.
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Module Extension of a Non-Ribosomal Peptide Synthetase of the
Glycopeptide Antibiotic Balhimycin Produced by Amycolatopsis balhimycina

Diane Butz™ Timo Schmiederer,”” Bianka Hadatsch,” Wolfgang Wohlleben,”® Tilmann Weber,” and

Roderich D. Stissmuth*®

Dedicated to Prof. Dr. Bernd Hamprecht

Non-ribosomal peptide synthetases (NRPSs) are among the
fundamental multienzyme complexes in secondary metabolite
biosynthesis."? A considerable number of antiinfectives and
anticancer drugs, such as penicillins, vancomycin, and bleomy-
cin, are synthesized by NRPSs of bacteria and fungi.” Non-ribo-
somal peptide synthesis is based on an arrangement of catalyt-
ic domains in modules, each of which is responsible for the
activation and coupling of one amino acid. Adenylation (A) do-
mains perform amino acid recognition, activation as aminoac-
yl-AMP, and transfer onto the phosphopantetheinyl residue of
its C-terminal thiolation (T) domain. Subsequently, condensa-
tion (C) domains, connecting A-T didomains, catalyze the con-
densation of the T-domain-bound amino acids to the growing
peptide chain. A thioesterase (TE) domain at the C terminus of
the final module cleaves the peptide from the NRPS multien-
zyme complex. According to the colinearity rule, the sequence
of the synthesized peptide is determined by the sequence of
modules, particularly the amino acid specificity of the A do-
mains, a concept that is basically valid for most peptides of
non-ribosomal origin.?’ Other domains add further structural
complexity to the peptide structures: for example, epimeriza-
tion (E) domains for the synthesis of peptides containing bp-
amino acids. Recent investigations of complex non-ribosomal
biosyntheses have increasingly revealed the involvement of tai-
loring enzymes as interaction partners of NRPSs during peptide
assembly.*

A future biotechnological challenge based on molecular un-
derstanding of NRPSs lies in their engineering for the produc-
tion of peptides containing nonproteinogenic amino acids or
of peptides of increased structural complexity. Pioneering work
in this field has been performed by Marahiel and co-workers
with the NRPSs of surfactin, gramicidin, bacitracin, and tyroci-
din in vitro and in vivo with Bacillus strains."® The in vivo
approaches include site-directed mutagenesis of single amino
acids in A domains, domain exchanges, and module exchanges
on the genomic level, which accordingly led to altered NRPSs
and thus to the synthesis of sequentially altered peptides of
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constant length (Scheme 1A). NRPSs of actinomycetes have
been altered at the example of CDA,” and in an extensive ap-
proach, Baltz's group has performed combinatorial biosynthe-
sis with the NRPSs of the medically relevant lipopeptide antibi-
otic daptomycin.”! In their work, various amino acid exchanges

A) M3

wild-type NRPS mutant NRPS

M1 M2 M3 M4 : M1 M2 M3 M4
pepico uLo W pa Joo
matabolile metabolile

B)

wikd-lype NRPS mutant NRPS

—= -
M1 M2 M3 M4 M1 M2 M4
‘ M3 *
peptide peplide
metabolite “ metabolite m
C) :IMB,
wild-type NRPS q mutant NRPS
M1 M2 M3 M4 M1 M2 M3 M3 N4
peptide * peplide ‘
metabolite m metabolite m

Scheme 1. Schematic overview of three different types of NRPS module (M)
manipulations, resulting in: A) an amino acid exchange, B) amino acid dele-
tion, or C) amino acid insertion in the synthesized peptide metabolite.

were achieved by exchanges of one module (Scheme 1A), of
multiple modules, or even complete NRPSs. Following the
logic of further manipulations of NRPS assembly lines leads to
in-frame module deletion (Scheme 1B), an experiment that has
been carried out at the example of Bacillus surfactin synthe-
tase. This module deletion resulted in the deletion of an amino
acid and hence in a downsizing of the surfactin cyclohepta-
peptide to the corresponding cyclohexapeptide.” A third type
of experiment, amino acid insertion by module extension
(Scheme 1C), complements the set of manipulations of NRPSs
and may be regarded as a precursor to the arbitrary lining up
of modules for the synthesis of any arbitrarily chosen amino
acid sequence. To the best of our knowledge, this type of ex-
periment has not previously been reported, although earlier
bioinformatic studies on the nodularin and microcystin synthe-
tases have given strong hints that module deletions and inser-
tions are naturally occurring events.'” Here we present results
of work directed towards the achievement of this third type of
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NRPS manipulation. Furthermore, previous engineering at-
tempts with NRPSs disregarded investigation into the relation-
ship between peptide assembly and tailoring enzymes in post-
or inter-NRPS biosynthesis steps.

A suitable system for exploring the NRPS manipulation dis-
cussed above is the biosynthesis gene cluster of the vancomy-
cin-type glycopeptide antibiotic balhimycin (Figure 1). Charac-

balhimycin: R': oH:N,  R%  OH
H;;Sio‘ L

vancomycin: R":

Figure 1. Chemical structures of the glycopeptide antibiotics balhimycin and
vancomycin that share a common peptide aglycon but differ in their glyco-
sylation patterns (color underlay symbolizes the different amino acids).

teristic structural features of glycopeptides are the nonprotei-
nogenic aromatic amino acids that are conformationally fixed
in their aromatic side chains."" The biosynthetic machinery for
the assembly of balhimycin is coded and clustered in the
genome of the producing strain A. balhimycina.'>'® The seven
modules that perform the non-ribosomal biosynthesis of the
balhimycin heptapeptide backbone are organized into three
NRPS genes: bpsA/B/C. BpsA and BpsB comprise three modules
each, whereas BpsC consists of only one module (Figure 2A).
Recent studies strongly suggest that the oxidative side chain
cross-linkages (AB-, C-O-D-O-E-rings) of the heptapeptide back-
bone performed by P450-type monooxygenases OxyA/B/C
occur on the NRPS thiolester-bound peptides.**! The confor-
mationally constrained peptide backbone carries further deco-
rations—such as chlorination, N-terminal methylation, and gly-
cosylation—performed by post- or inter-NRPS-acting enzymes.
In conclusion, with regard to modification by various tailoring
enzymes, the glycopeptide biosynthesis constitutes a complex
example among non-ribosomal biosyntheses.

Considering the type of module for insertion into the balhi-
mycin NRPS assembly line, we decided upon a p-hydroxyphe-
nylglycine-coding (p-Hpg-coding) module, for several reasons.
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Firstly, the biosynthesis genes for the nonproteinogenic amino
acid Hpg are an integral part of the balhimycin biosynthesis
gene cluster, thus guaranteeing a sufficient supply of Hpg. Sec-
ondly, the substrate specificities of the domains have to be
taken into account. Whereas the T, E, and TE domains have
low to almost no substrate specificity, the A and C domains
show moderate to high substrate specificities."” Consequently,
the amino acid selected by its corresponding A domain must
also match with the substrate specificity of the acceptor site of
the upstream C domain. In contrast, the specificity of the
donor site of a C domain for the upstream growing peptide
chain is comparatively low."” Inserting a p-Hpg module be-
tween the two already existing b-Hpg modules 4 and 5 satis-
factorily respects these regularities. Thirdly, Hpg is a central
amino acid of the glycopeptide structure and is involved in
reactions of intermediate and post-NRPS tailoring enzymes, so
the insertion of a Hpg-coding module should probe the func-
tionality of these enzymes.

The nature of the newly introduced module having been de-
cided upon, the question of the origin and composition of the
module had to be clarified. Finally, since NRPS manipulations
are delicate with regard to loss of enzymatic function, it was of
utmost importance to leave the sequential and conformational
context of the NRPS as untouched as possible. We therefore
decided to construct an Hpg module from balhimycin NRPS
composed of the C-A didomain of Hpg-module 5 and the T-E
didomain of Hpg-module 4 to yield module C5A5T4E4. In this
case, module transitions to the neighboring modules 4 and 5
are kept natural, while the only nonnatural transition is located
between the domains A5 and T4 of the artificial module
C5A5T4E4 (Figure 2D).

The cloning strategy accomplished this plan through the
design of a transformation plasmid pC5A5T4E4 containing the
hybrid module C5A5T4E4 described above between flanking
regions of the designated introduction site in the genome of
A. balhimycina. With a double crossover strategy, C5A5T4E4
was integrated between modules 4 and 5 of bpsB to yield the
strain A. balhimycina C5A5T4E4 (Figure 2B and Q).

After verifying the correct integration of the C5A5T4E4
module in the A. balhimycina genome by means of PCR and
Southern blot hybridization analyses (Figure 3A and Support-
ing Information) we demonstrated the module insertion on
the proteinogenic level (Figure 3B and Supporting Informa-
tion). Most importantly, enzymatic activity of the module-ex-
panded NRPS had to be demonstrated on the metabolite level
as final confirmation of a successful module expansion strat-
egy. A. balhimycina C5A5T4E4 was therefore cultivated under
standard conditions. Subsequently, the glycopeptide metabo-
lite spectrum was analyzed by HPLC-ESI-MS and -MS/MS (Fig-
ures 3C and 4 and Supporting Information).

An octapeptide (1) and a heptapeptide (2) that both con-
tained the new triple-Hpg motif were detected and their se-
quences were assigned from their MS/MS spectra. In addition,
compounds 1 and 2 are both halogenated, but lack N-methyla-
tion of 'Leu, glycosylation, and oxidative crosslinking in their
side chains. Furthermore, the detection of metabolites 3 and 4,
with a mass difference of Am=2 amu, shows a certain sub-

ChemBioChem 2008, 9, 1195 - 1200
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Figure 2. A) Non-ribosomal peptide synthetase enzymes and genes of balhimycin biosynthesis and the corresponding amino acid building blocks. B) Double
crossover strategy for the insertion of one additional Hpg-coding module between modules 4 and 5 of bpsB. C) New arrangement of the modules in the

A. balhimycina C5A5T4E4 mutant. D) Alignment of the wild-type linker regions A4-T4 and A5-T5 between the A and T domains of module 4 and the A and T
domains of module 5 of BpsB with the artificial linker region A5-T4 constructed in the mutant strain A. balhimycina C5A5T4E4. The artificial linker region is

based on fusion of the A5-T5 linker region and of the A4-T4 linker region.

strate tolerance of P450-type monooxygenases for this new
peptide backbone. Interpretation of the MS/MS spectra of 3
and 4 clearly localizes the ring between amino acids *Hpg and
’B-hydroxytyrosine (B-Hty), which corresponds nicely to the
first side chain crosslink (C-O-D) in balhimycin biosynthesis
(Figure 1). In addition, we identified two compounds with mo-
lecular masses indicating bi- and tricyclic octapeptide struc-
tures, but their low concentrations impeded unambiguous as-
signment of the rings. In addition to compounds 1-4, related
derivatives were also detected (mass shift Am=162 amu). The
MS/MS spectra of compounds 5 and 6—derivatives of 1 and
2—indicate unspecific glycosylation at B-*Hty (Supporting In-
formation). In addition to these hepta- and octapeptides we
also identified the chlorinated, C-terminally truncated hexa- to
dipeptides 7-11, all of which lack side chain cyclizations, N-
methylation, and glycosylation.

Concomitantly with these peptides, balhimycin was detected
by mass spectrometry. This finding can be explained by a re-
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version of bpsB’ to bpsB by homologoues recombination. How-
ever, we did not observe this reversion to wild-type BpsB in
the SDS-PAGE at the protein level (Figure 3B). It is conceivable
that wild-type BpsB is more active than BpsB’ and therefore
that even traces of BpsB, below the detection limit in silver-
stained SDS-PAGE gels, might effect a production level of bal-
himycin in the range of the mutant metabolites. Module skip-
ping™ as an alternative explanation seems less likely. The de-
termination of the absolute yields of the peptide metabolites
was impeded by the lack of appropriate standard substances,
and so we estimated the relative yields on the basis of ioniza-
tion yields in HPLC-ESI-MS. Hence, the linear heptapeptide 2 is
the main product and the linear octapeptide 1 and the mono-
cyclic heptapeptide 4 are detected at five times and three
times lower concentrations, respectively. All the other metabo-
lites were found at concentrations < 10% of the main metabo-
lite 2. In addition, the productivity of the mutant was estimat-
ed as ~10% of the wild-type A. balhimycina.'® The production
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Figure 3. Characterization of the A. balhimycina C5A5T4E4 mutant. A) Southern blot analysis of the genome. Both the wild type and the two crossover states
show Pstl-digested DNA fragments of 3192 bp and 1236 bp. The crossover states are characterized by the additional 903 bp fragment, while the single cross-
over state additionally shows a 5529 bp band (see Supporting Information). B) Comparative SDS-PAGE gel from Sephadex fractions of wild-type and mutant

proteins. The increase in molecular mass of BpsB’ versus BpsB is shown. The expected molecular masses are 432 kDa for BpsB and 591 kDa for BpsB’ (enniatin
synthetase 346 kDa). The identification of the gel bands was done by mass fingerprinting (tryptic digest and ESI-MS/MS). C) The metabolite profile of A. balhi-
mycina C5A5T4E4 mutant was analyzed by HPLC-ESI-MS and -MS/MS. The MS/MS spectra of the linear and the monocyclic octapeptide 1 and 3, verifying the

new peptide backbone, are shown representatively.

of balhimycin in the mutant strain was found in same range as
the linear heptapeptide 2.

In summary, we have shown that module extension of NRPS
assembly lines is a possible means to generate new peptide
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backbones. Furthermore, tailoring enzymes are widely able to
tolerate the elongated peptide backbone as a substrate. The
epimerization of the additional Hpg (Supporting Information),
together with B-hydroxylation and chlorination reactions,"”'®
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Figure 4. Overview of the peptide metabolite profile synthesized by A. balhimycina C5A5T4E4 (characterized by HPLC-ESI-MS/MS,).

are constitutively found in all metabolites. These modifications
occur before (B-hydroxylation) or during (epimerization and
chlorination) NRPS assembly and are not affected by the
module extension. In contrast, of three specific side-chain
crosslinking oxygenases acting on NRPS-bound hexa- and hep-
tapeptides™> only OxyB is clearly functional and tolerates the
new substrates generated by module extension. Because of
high substrate specificity, the subsequent oxygenases OxyA
and OxyC are practically incapable of substrate recogni-
tion.>"'? Consequently, subsequent N-methylation and glyco-
sylation as late- or post-NRPS biosynthetic steps are absent.
This can be explained in terms of a significant structural differ-
ence between the linear and monocyclic compounds and the
aglycon as the natural substrate. The observed glycosylation
pattern of 5 and 6 is different from that in wild-type balhimy-
cin and is therefore considered unspecific. Truncated peptide
metabolites detected in minor amounts likely correspond to
hydrolysis products of the NRPS assembly line as described
previously.” As already suggested earlier, manipulation in
NRPS assembly lines leads to a decrease in turnover, concomi-
tantly promoting hydrolysis of biosynthetic intermediates.”

The feasibility of this module extension approach should en-
courage future attempts to line up modules for the directed
synthesis of complex peptides of arbitrarily composed sequen-
ces. It is obvious that manipulations in NRPSs remain delicate,
as subtle changes may lead to immediate loss of biosynthetic
activity. However, the strategy of combining modules with
highly similar sequential contexts might prove successful in
this respect.
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgements

The authors acknowledge support from the Cluster of Excellence
“Unifying Concepts in Catalysis” coordinated by the Technische
Universitit Berlin and funded by the Deutsche Forschungsge-
meinschaft. This research was also supported by grants from
the European Union (COMBIG-TOR, LSHG-CT-2003-503491, Actino-
GEN, LSHM-CT-2004-005224) and by Schering AG (Germany). We
thank Dr. Ullrich Keller for discussions on NRPS purification and
Dr. Rainer Zocher for generously supplying enniatin synthetase.
Furthermore we thank Dr. Andreas Reicke, Dr. Evi Stegmann, and
Sigrid Stockert for the A. balhimycina C5A5T4E4 mutant fermen-
tation and Graeme Nicholson for the amino acid analysis and
the ESI-FTICR-MS measurements.

Keywords: combinatorial biosynthesis - genetic engineering -
glycopeptides - module extension - non-ribosomal peptide
synthetases

[1]1 S. A. Sieber, M. A. Marahiel, Chem. Rev. 2005, 105, 715-738.

[2] H.D. Mootz, D. Schwarzer, M. A. Marahiel, ChemBioChem 2002, 3, 490-
504.

a) F. von Nussbaum, M. Brands, B. Hinzen, S. Weigand, D. Habich,
Angew. Chem. 2006, 118, 5194-5254; Angew. Chem. Int. Ed. 2006, 45,
5072-5129; b) F. Wolter, S. Schoof, R.D. Stussmuth in Topics in Current
Chemistry: Glycopeptide Chemistry (Ed.: V. Wittmann), Springer, Berlin,
2007, 143-185.

K. Zerbe, K. Woithe, D.B. Li, F. Vitali, L. Bigler, J. A. Robinson, Angew.
Chem. 2004, 116, 6877-6881; Angew. Chem. Int. Ed. 2004, 43, 6709-
6713.

D. Bischoff, B. Bister, M. Bertazzo, V. Pfeifer, E. Stegmann, G. J. Nicholson,
S. Keller, S. Pelzer, W. Wohlleben, R. D. Sissmuth, ChemBioChem 2005, 6,
267-272.

3

[4

[5

www.chembiochem.org 1199



http://dx.doi.org/10.1021/cr0301191

http://dx.doi.org/10.1002/1439-7633(20020603)3:6%3C490::AID-CBIC490%3E3.0.CO;2-N

http://dx.doi.org/10.1002/1439-7633(20020603)3:6%3C490::AID-CBIC490%3E3.0.CO;2-N

http://dx.doi.org/10.1002/ange.200600350

http://dx.doi.org/10.1002/anie.200600350

http://dx.doi.org/10.1002/anie.200600350

http://dx.doi.org/10.1002/ange.200461278

http://dx.doi.org/10.1002/ange.200461278

http://dx.doi.org/10.1002/anie.200461278

http://dx.doi.org/10.1002/anie.200461278

http://dx.doi.org/10.1002/cbic.200400328

http://dx.doi.org/10.1002/cbic.200400328

www.chembiochem.org



BIO

[6] U. Keller, F. Schauwecker, Comb. Chem. High Throughput Screening 2003,
6, 527-540.
[7]1 G.C. Ugury, C. Milne, M. Borg, F. Flett, C. P. Smith, J. Micklefield, J. Am.
Chem. Soc. 2004, 126, 5032-5033.
[8] K. T. Nguyen, D. Ritz, J. Q. Gu, D. Alexander, M. Chu, V. Miao, P. Brian,
R. H. Baltz, Proc. Natl. Acad. Sci. USA 2006, 103, 17462-17467.
[9] H.D. Mootz, N. Kessler, U. Linne, K. Eppelmann, D. Schwarzer, M. A. Mar-
ahiel, J. Am. Chem. Soc. 2002, 124, 10980-10981.
[10] M. C. Moffitt, B. A. Neilan, Appl. Environ. Microbiol. 2004, 70, 6353-6362.
[11] D. Bischoff, S. Pelzer, B. Bister, G. J. Nicholson, S. Stockert, M. Schirle, W.
Wohlleben, G. Jung, R.D. Sussmuth, Angew. Chem. 2001, 113, 4824-
4827; Angew. Chem. Int. Ed. 2001, 40, 4688-4691.
[12] S. Pelzer, R. Sissmuth, D. Heckmann, J. Recktenwald, P. Huber, G. Jung,
W. Wohlleben, Antimicrob. Agents Chemother. 1999, 43, 1565-1573.
[13] J. Recktenwald, R. Shawky, O. Puk, F. Pfennig, U. Keller, W. Wohlleben, S.
Pelzer, Microbiology 2002, 148, 1105-1118.

[14] P. J. Belshaw, C. T. Walsh, T. Stachelhaus, Science 1999, 284, 486-489.

[15] S.C. Wenzel, B. Kunze, G. Hofle, B. Silakowski, M. Scharfe, H. Blocker, R.
Muller, ChemBioChem 2005, 6, 375-385.

[16] S.R. Nadkarni, M. V. Patel, S. Chatterjee, E. K. S. Vijayakumar, K. R. Desi-
kan, J. Blumbach, B. N. Ganguli, J. Antibiot. 1994, 47, 334-341.

[17] O. Puk, P. Huber, D. Bischoff, J. Recktenwald, G. Jung, R.D. Sussmuth,
K. H. van Pee, W. Wohlleben, S. Pelzer, Chem. Biol. 2002, 9, 225-235.

[18] O. Puk, D. Bischoff, C. Kittel, S. Pelzer, S. Weist, E. Stegmann, R. D. Suss-
muth, W. Wohlleben, J. Bacteriol. 2004, 186, 6093-6100.

[19] R.D. Sussmuth, S. Pelzer, G. Nicholson, T. Walk, W. Wohlleben, G. Jung,
Angew. Chem. 1999, 111, 2096-2099; Angew. Chem. Int. Ed. 1999, 38,
1976-1979.

Received: January 30, 2008
Published online on April 9, 2008

1200

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2008, 9, 1195 - 1200



http://dx.doi.org/10.1021/ja048778y

http://dx.doi.org/10.1021/ja048778y

http://dx.doi.org/10.1073/pnas.0608589103

http://dx.doi.org/10.1021/ja027276m

http://dx.doi.org/10.1128/AEM.70.11.6353-6362.2004

http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4824::AID-ANGE4824%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4824::AID-ANGE4824%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4688::AID-ANIE4688%3E3.0.CO;2-M

http://dx.doi.org/10.1126/science.284.5413.486

http://dx.doi.org/10.1002/cbic.200400282

http://dx.doi.org/10.1016/S1074-5521(02)00101-1

http://dx.doi.org/10.1128/JB.186.18.6093-6100.2004

http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1976::AID-ANIE1976%3E3.0.CO;2-3

http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1976::AID-ANIE1976%3E3.0.CO;2-3

www.chembiochem.org




DOI: 10.1002/cbic.200800072

Photocontrol of Single-Chain DNA Conformation in Cell-Mimicking

Microcompartments
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It has been well established that the regulation of gene activity
is strongly dependent on the higher-order structure of genom-
ic DNA molecules." Several strategies have thus been devel-
oped to control the higher-order structure of long DNA mole-
cules. Most of them have been based on the use of chemical
compounds that bind to DNA to neutralize its charge, such as
polyamines, multivalent metal cations, cationic surfactants, cat-
ionic polymers, nanoparticles, or crowding agents such as hy-
drophilic polymers.”” Depending on the concentration of these
additives, DNA exhibits a folded or unfolded conformation.
Nevertheless, with all these strategies, it is impossible to act in
a reversible way on the DNA higher-order structure under a
constant chemical composition.

Moreover, for transfection applications, compacting DNA is
an essential step to allow the entry of DNA into the cell. In
most cases, however, DNA remains in a compact conformation
inside the cell, which can significantly alter the DNA gene ex-
pression. Using an external stimulus to control DNA higher-
order structure within a cell-sized compartment has thus
became an important challenge.

On the other hand, motivated by the perspective of DNA
vectorization,”® preparation of artificial cells or biochemical
microreactors,”’ many scientists have attempted to encapsu-
late DNA into cell-like microcompartments, for example, cell-
sized liposomes™ or phospholipid-coated microdroplets.”” Con-
sequently, various successful strategies have been proposed to
prepare DNA-liposome complexes™ or encapsulate DNA inside
liposomes.”! In most cases encapsulated DNA molecules were
typically smaller than a few thousands base pairs. However, in
nature, genomic DNA molecules can be much larger, up to
hundreds of kbp (kilo base pairs). To the best of our knowl-
edge, no method has been proposed to encapsulate efficiently,
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in a controlled way, and without degradation, DNA molecules
that are larger than 1 kbp into cell-sized liposomes. One paper
reported the encapsulation of T4 DNA molecules, but the data
were not sufficient to draw conclusions about the integrity of
encapsulated DNA chains."™ Another strategy was to encapsu-
late DNA in a compact state, but DNA molecules remained in
their compact state once they were encapsulated."”

Very recently, Le Ny and Lee made a breakthrough by pro-
posing a system where DNA higher-structure can be controlled
by light in a reversible manner.? This was achieved by adding
to a DNA solution a photosensitive cationic surfactant, azoben-
zene trimethylammonium bromide surfactant (AzoTAB). The
apolar tail of the surfactant contains an azo group, which is
mainly in the trans (more hydrophobic) conformation under
visible conditions. Under UV illumination (365 nm), the azo
group photoisomerizes into the cis (more hydrophilic) confor-
mation. They demonstrated that there exists an AzoTAB con-
centration range for which DNA is in the compact state under
dark/visible conditions but in the unfolded state under UV illu-
mination, that is, DNA higher-order structure can be controlled
by light. In this study, the authors mainly characterized the
average property of many DNA chains in solution.

Here, we characterized the single-chain conformational be-
havior of long genomic DNA as a function of AzoTAB concen-
tration and time of UV illumination. We established that the
transition has a first-order character at the single-chain level.
We studied the single-chain unfolding upon UV illumination
and evidenced two mechanisms of single-chain DNA unfold-
ing. Then we applied this strategy to unfold genomic DNA
molecules that are encapsulated in cell-mimicking microcom-
partments. To this end, DNA that was compacted by AzoTAB
under visible conditions was encapsulated into cell-sized mi-
crodroplets that were coated with various phospholipids prior
to UV light exposition. We studied the unfolding process of in-
dividual DNA molecules inside the microdroplets. We could
successfully unfold most of the DNA molecules when the
phospholipid was anionic (DOPS phospholipid). We thus dem-
onstrated how an external stimulus, here light, can be used to
control the higher-order structure of individual genomic DNA
molecules within cell-sized phospholipid-coated microcompart-
ments.

By using fluorescence microscopy (FM), we characterized the
conformation of individual T4 DNA molecules at a very low
DNA concentration (0.1 um) in Tris—=HCI buffer (10 mm, pH 7.4).
To the DNA solution, we added azobenzene trimethylammoni-
um bromide (AzoTAB, Figure 1A) at various concentrations
under dark conditions (most of AzoTAB molecules are in the
trans conformation, that is, more hydrophobic). Depending on
AzoTAB concentration, we distinguished three regimes with re-
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Figure 1. Phase diagram of single-chain T4 DNA in the bulk solution as a function of AzoTAB concentration. For all experiments, the T4 DNA concentration is
0.1 um in 10 mm Tris—HCI buffer solution. A) Chemical structure of azobenzene trimethylammonium bromide (AzoTAB). B) Typical fluorescence microscopy
(FM) images of T4 DNA for AzoTAB concentrations of 10 um (left), 520 um (middle), and 700 um (right). Left, all DNA molecules are in the coil state. Middle,
shrunk coil and compact state coexist. Right, all molecules are in the compact state. Scale bar is 5 um. C) Definition of the apparent long-axis length of
single-chain DNA (Lpya). D) Distributions of Ly, for various AzoTAB concentrations. Lpy, was extracted from FM images of DNA molecules and each distribu-
tion was established on about 200 individual DNA molecules. Each point gives the fraction of DNA molecules that has a given Lyy, £0.25 um. Solid lines are
guides. E) Average single-chain DNA size as a function of AzoTAB concentration. Blue circles correspond to molecules in the elongated or shrunk coil state,
and red squares correspond to DNA molecules in the compact state. Each symbol with error bars represents the average value of Ly, distributions plus or
minus one standard deviation. F) Fraction of DNA molecules in the compact state as a function of AzoTAB concentration. Error bars are within the symbol

size.

spect to the individual conformations of DNA molecules. For
AzoTAB concentrations less than 480 pm, all individual mole-
cules were in the typical coil state, which is characterized by
large intrachain fluctuations and a slow translational diffusion
(Figure 1B, left). For AzoTAB concentrations greater than
580 um, we observed that all DNA molecules were in the fully
compact state, which is characterized by a very fast-diffusive
Brownian motion (Figure 1B, right). The diffusion coefficient of
such compact DNA molecules corresponds to freely diffusing
particles of approximately 100 nm in diameter, in good agree-
ment with previously reported electron microscopy characteri-
zations of DNA condensates.”™™'® For intermediate AzoTAB
concentrations (between 480 um and 580 um), fluctuating
shrunk coils coexist with DNA molecules in the fully compact
state (Figure 1B, middle).
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For a quantitative characterization of the DNA conformation-
al state, we measured systematically the DNA apparent long-
axis length Lpy, (as defined in Figure 1C) of a large number of
individual DNA molecules (ca. 200 per distribution) and estab-
lished the distribution of Ly, as a function of AzoTAB concen-
tration (Figure 1D). Figure 1D (left) shows that at a low
AzoTAB concentration, most DNA molecules are elongated
(Lona ~3-4 pum), which is attributed to the electrostatic repul-
sion between phosphate groups and semiflexible nature of
long DNA; the width of the distribution can be explained by
the fluctuating character of individual chains due to the intra-
chain Brownian motion of monomers. In contrast, at a high
AzoTAB concentration, the distribution is very narrow and cen-
tered around 0.7 pm, which corresponds to the situation
where all DNA molecules are in a very dense compact state

ChemBioChem 2008, 9, 1201 - 1206
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(Figure 1D, right). In this case, the apparent DNA long-axis
length is much larger than the actual size of DNA molecules
(around 100 nm), which can be explained by the blurring
effect of fluorescent light."¥ For intermediate AzoTAB concen-
trations, the distributions clearly indicate the coexistence of
two populations: 1)a wide distribution centered on Lpya
~2.5 pm, which corresponds to fluctuating coils but shrunk
compared to the elongated coil state observed under low con-
centration of AzoTAB; and 2) a narrow distribution centered on
0.7-1 um corresponding to DNA molecules in the fully com-
pact states (Figure 1D, middle). Figure 1E shows the complete
phase diagram of individual DNA molecules where the average
individual DNA length that is obtained from distributions is
plotted as a function of AzoTAB concentration. The coexistence
region at intermediate AzoTAB concentrations is clearly evi-
denced. In this region, the fraction of compact state increases
with an increase in AzoTAB concentration (Figure 1E). All these
results show that the single-chain compaction of DNA by
AzoTAB molecules is of a first-order type with the coexistence
of shrunk coil and compact states at intermediate AzoTAB con-
centrations. Such a discrete single-chain transition is typical of
DNA compaction by oppositely charged compounds, and the
presence of shrunk coils in the coexistence region is more spe-
cific to a DNA—cationic surfactant interaction.”® It has been in-
terpreted theoretically as a direct consequence of the semiflex-
ible nature of long DNA.™@

We studied the effect of UV light illumination on the DNA
single-molecule conformation. First, DNA molecules were com-
pacted in the presence of AzoTAB as described above. Then,
we followed the evolution of single-chain DNA conformation
for different UV exposure times. Figure 2A shows time-se-
quence fluorescence microscopy images of individual DNA
molecules for two AzoTAB concentrations. At a concentration
of 600 um, the DNA molecule is in the typical fully compact
state before UV exposure, in agreement with the phase dia-
gram shown in Figure 1E. With an increase in UV illumination
time, the molecule expands progressively. After 50 min of UV
illumination, the molecule has all the characteristics of a DNA
coil (intrachain fluctuations and Ly ~3 pum). This unfolding
process from a compact state to a (elongated or shrunk) coil
upon UV illumination was observed for most DNA molecules
at AzoTAB concentrations of 600 um and 700 um. Figure 2B
(left) shows the DNA size distribution as a function of UV illu-
mination time. It confirms that the fraction of DNA molecules
in the compact state decreases with an increase in illumination
time, and the fraction of unfolded or partially unfolded coils in-
creases. Figure 2C shows that this progressive unfolding upon
UV illumination time is accompanied by an increase in the
average size of individual DNA molecules, which seems almost
independent of the AzoTAB concentration. It is interesting to
compare Figures 1D and E (compaction) to Figures 2B and C
(unfolding by light). During the unfolding process, the all-or-
none character is less marked than during the compaction pro-
cess, which might be a consequence of kinetic effects. More-
over, by considering the size distribution one notes that after
compaction and UV illumination, the initial state, in which
100% of DNA molecules are in the elongated-coil state, is
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never reached. After compaction and 50 min of UV illumina-
tion, all molecules are unfolded (0% of compact state) but
only a small part of DNA molecules attain the elongated coiled
state (Lpya~3-3.5 um), and most of them reach a shrunk coil
state (Lpya~2.5-3 pm). This might be due to a residual binding
of AzoTAB molecules with DNA, which prevents DNA mole-
cules from reaching the elongated coil state.

Furthermore, for AzoTAB concentrations higher than 800 uwm,
we observed a different conformational response to UV illumi-
nation. At 940 pm, Figure 2A (right) shows an individual DNA
molecule, initially in the compact state, which also expands
with an increase of UV illumination time but keeps a globular
conformation. The resulting swollen globule is a highly fluctu-
ating structure as shown in Figure 2 A (AzoTAB 940 mm, 50 min
UV). Figures 2B and C show that all DNA molecules reach a
similar conformation and never unfold regardless of UV illumi-
nation time. The characteristic fluctuations of the globule sur-
face lead to various metastable pearling structures, and small
portions of coil DNA can also be observed emerging succinctly
between the “pearls”, or at the surface of the globule. This
effect presents similarities with the pearl-necklace instability of
polyelectrolytes under poor solvent conditions,"® and might
be due to the competition between surface energy of the
globule and electrostatic repulsion between charged mono-
mers."”

Until this point, we demonstrated how to control the bulk
conformation of individual DNA molecules by light. Then, we
applied this approach to DNA molecules that were encapsulat-
ed in water-in-oil phospholipid-coated microdroplets. For all
experiments, a solution of DNA that was unfolded (no AzoTAB)
or compacted by AzoTAB (700 um), was encapsulated in phos-
pholipid-coated microdroplets and exposed to UV. Under our
experimental conditions, microdroplets were about 10-200 pm
in diameter and contained typically 1-30 DNA molecules. Fig-
ure 3A summarizes the results obtained under various condi-
tions. In the absence of AzoTAB, that is, when DNA was directly
encapsulated from the elongated coil state, the average size of
encapsulated DNA is 1.0+0.3 um, which indicates a marked
degradation of DNA chains (before encapsulation Lpy,a=3.7+
0.6 um); this is attributed to the strong shear stress on DNA
molecules during the emulsification step. In the presence of
AzoTAB (700 pm), that is, DNA was first compacted and then
encapsulated, the encapsulation was carried out by using two
different phospholipids: EPC and DOPS. With EPC as a phos-
pholipid, all DNA molecules are in the compact state before
UV illumination (Lpyy=0.85+0.17 pm). After 22 min under UV
illumination, no significant change was observed, and most of
the DNA molecules remained in the compact state (Lpya=
0.82+0.14 pm). Moreover, regardless of UV illumination time, a
majority of observed DNA molecules were immobile or
showed constrained Brownian motion in the vicinity of the
droplet surfaces. All these observations indicate a strong inter-
action between EPC and DNA molecules. EPC is a zwitterionic
phospholipid that can electrostatically interact through its cat-
ionic part with the DNA's negative phosphate groups. This can
induce adsorption of DNA molecules on the phospholipid-
coated droplet surface as well as favour a compact state for
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Figure 2. Single-chain DNA unfolding in bulk solution upon UV illumination. For all experiments, the T4 DNA concentration is 0.1 um in 10 mm Tris-HCI buffer
solution. A) Time-lapse sequence of fluorescence microscopy images of individual DNA molecules compacted by an AzoTAB concentration of 600 um (left
panel) and 940 um (right panel), respectively, under UV illumination. For each panel, the pictures are separated by 100 ms along the horizontal axis, and the
vertical axis corresponds to an increasing time of UV exposure (from top to bottom). The UV exposure time is indicated on the left part of each panel. Each
picture has a size of 5x5 um. B) Distributions of Lpy, (as defined in Figure 1C) as a function of UV exposure time for AzoTAB concentrations of 600 um (left)
and 940 pm (right), respectively. Loy, Was extracted from FM images of DNA molecules, and each distribution was established on about 200 individual DNA
molecules. Each point gives the fraction of DNA molecules that have a given Lpy, £0.25 um. Solid lines are guides. C) Average single-chain DNA size as a
function of UV exposure time for AzoTAB concentrations of 600 um and 700 um (left), and 800 um and 940 um (right). Each symbol with error bars represents

the average value of Ly, distributions plus or minus one standard deviation.

encapsulated DNA molecules. In contrast, when using the neg-
atively charged phospholipid DOPS, results were markedly dif-
ferent. Before UV illumination, all DNA molecules were in the
fully compact state, most of them diffused freely in the core of
the droplets because the bare negative charge of the droplet
surface prevented the DNA molecules from adsorption. More-
over, we observed the progressive unfolding of individual DNA
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molecules under UV illumination. Figures 3A and B show that
the average DNA length is 2.1+£0.9 um and 2.4+0.7 pm after
17 min and 32 min, respectively. DNA unfolding thus seems to
be slightly faster and more efficient in the confined environ-
ment of negatively charged microdroplets than that under the
bulk conditions. A precise determination of confinement ef-
fects in various microenvironments (droplets, liposomes, micro-
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Figure 3. DNA encapsulation and unfolding by UV light inside cell-sized phospholipid microdroplets. For all ex-
periments, a solution of T4 DNA (0.1 um in 10 mm Tris—HCI buffer solution), unfolded (no AzoTAB) or compacted
by AzoTAB (700 um), was encapsulated in phospholipid-coated microdroplets and exposed to different UV illumi-
nation times. A) Average DNA size for different conditions of encapsulation: without AzoTAB and with DOPS as a
phospholipid (direct encapsulation); with AzoTAB, EPC as a phospholipid, and a UV illumination time of 0 or

22 min (EPC); with AzoTAB, DOPS as a phospholipid and a UV illumination time of 0, 17, or 32 min (DOPS). B) Dis-
tributions of Lyy, (as defined in Figure 1C) as a function of UV exposure time. DNA molecules compacted by
AzoTAB were encapsulated in microdroplets with DOPS as a phospholipid. Lpys Was extracted from FM images of
DNA molecules and each distribution was established on about 200 individual DNA molecules. Each point gives
the fraction of DNA molecules that has a given Lpy, £0.25 um. The solid lines are guides. C) Microscopy images
of DNA that is encapsulated in a microdroplet with DOPS as a phospholipid after 32 min of UV illumination time.
Top: Transmission (left), fluorescence (middle), and superposition in false colors of the transmission image (red
channel) and fluorescence image (blue channel) (right). The two bottom panels show time-lapse sequences that
are magnified from the zones that are indicated by the dashed squares in the upper middle picture; pictures are
separated by 100 ms along the horizontal axis. All scale bars are 5 um.

fluidic chambers) is now under investigation. One also notes
that DNA molecules do not return to the initial elongated
state but rather a slightly shrunk coil state, as was the case for
the experiments in bulk. Finally, only a very small fraction of

ChemBioChem 2008, 9, 1201 - 1206 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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DNA molecules were broken
during the encapsulation, which
shows that reversible compac-
tion of long DNA molecules is a
good strategy to manipulate
DNA molecules under high shear
forces with very few degrada-
tion. As an illustration, the movie
in the Supporting Information
and Figure 3C show microscopy
images of unfolded DNA mole-
cules that are encapsulated in a
28 um DOPS-coated microdrop-
let after 32 min of UV illumina-
tion. In the movie, a few unfold-
ed DNA molecules that are freely
fluctuating in the droplet are
clearly visible. In the images that
are shown in Figure 3, two en-
capsulated unfolded DNA mole-
cules are traced. The time-lapse
sequences zoomed on these two
molecules show that they freely
fluctuate inside the droplet, and
are not adsorbed on the droplet
surface. All these results show
that DNA molecules were encap-
sulated and unfolded inside the
DOPS-coated microdroplets with
a good yield and low degrada-
tion.

In this study, we investigated
the behavior of long genomic
DNA molecules (T4 DNA) in the
presence of the photosensitive
cationic surfactant AzoTAB in
bulk and cell-mimicking micro-
environments. In both cases, we
showed that the conformation
of individual DNA molecules can
be controlled by light without
changing the chemical composi-
tion of the medium. By encapsu-
lating DNA that had been previ-
ously compacted with AzoTAB in
negatively charged phospholip-
id-coated droplets, DNA mole-
cules were successfully unfolded
with almost no degradation
inside the cell-mimicking micro-
droplets. Because DNA higher-
order structure is strongly relat-
ed to its biological activity, all

these results should find applications in the development of
artificial cells as well as in the control of gene expression in
artificial or living environments.
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Experimental Section

Materials: Phospholipids—1,2-dioleoyl-sn-glycero-3-[phospho-L-
serine] (DOPS) and egg yolk L-a-phosphatidylcholine (EPC)—were
obtained from Avanti Polar Lipids (Alabaster, USA), bacteriophage
T4 DNA (166 kb) was from Wako Chemicals (Osaka, Japan), YOYO-1
iodide was from Molecular Probes. All other chemicals were pur-
chased from Sigma. Deionized water (Millipore, 18 MOhmcm™)
was used for all experiments.

AzoTAB synthesis: Azobenzene trimethylammonium bromide
(AzoTAB) synthesis was adapted from the method that was de-
scribed by Hayashita et al."® The purity of the final product was
checked by 250 MHz 'H and "*C NMR spectroscopy.

Preparation of DNA samples: Water, Tris-HCI buffer, YOYO-1
iodide, and AzoTAB were mixed in this order prior to careful T4
DNA introduction (under low-shear conditions to avoid DNA break-
age). For all experiments, we used T4 DNA at a final concentration
of 0.1 um (concentration in nucleotides) in Tris—HCl buffer (10 mwm,
pH 7.4) with YOYO (0.01 um) as a DNA fluorescent dye. Under
these conditions, it has been established that T4 DNA molecules
essentially do not interact with each other (dilute regime). Final
AzoTAB concentrations were between 0 and 1 mm. For all steps
except UV illuminations, DNA samples were kept under dark condi-
tions. Samples were equilibrated during 15 min prior to DNA char-
acterization by fluorescence microscopy. All experiments were per-
formed at ambient temperature.

DNA encapsulation in phospholipid-coated microdroplets: The
detailed method of microdroplet preparation is described in
ref. [7]. Briefly, a phospholipid film (EPC or DOPS) was prepared by
evaporating a chloroform solution that contained the phospholi-
pids under nitrogen flow. After drying for 1 h under vacuum, the
film was dissolved in mineral oil under sonication at 50°C for 1 h.
Right after sonication, phospholipid solution in oil was vortexed
for approximately 2 min and used within one day. The final con-
centration of phospholipid in oil was 0.5 mm for all experiments.
DNA encapsulation was achieved by pipetting the DNA sample so-
lution (4 pL) up and down into oil that contained phospholipids
(200 pL) for approximately 1 min.

UV illumination: UV exposure was performed by placing the
sample (DNA solution or emulsion of microdroplets that contained
DNA) at 6-8 cm distance from an 8 W UVLMS-38UV lamp (UVP,
Upland, CA, USA) at 365 nm.

Fluorescence microscopy: Fluorescence microscopy was per-
formed on an Axiovert 135 inverted microscrope (Carl Zeiss),
equipped with a 100x oil-immersed objective lens. Images were
acquired by using an EB-CCD camera and an image processor
Argus 10 (Hamamatsu Photonics, Hamamatsu, Japan). For charac-
terization of DNA conformation in bulk solution, DNA samples
were introduced in custom-built observation cells, where the ob-
servation area consisted of two cover glass slides separated by
about 150 um. For characterization of DNA conformation inside mi-
crodroplets, the emulsion that contained microdroplets was intro-
duced into a chamber that was made of a PDMS (polydimethylsil-
oxane/RTV615 in a 1:10 ratio, General Electrics) slab stuck on a
cover glass slide, which was previously treated by trimethylchloro-
silane in the vapor phase to make it hydrophobic and avoid drop-
let spreading.”” For all experiments, glass slides were previously
cleaned by baking at 500°C for 1 h.

Keywords: biomimetism - DNA - liposomes -
self-organization

photocontrol -

[1] a) B. Dorigo, T. Schalch, A. Kylangara, S. Duda, R. R. Schroeder, T. J. Rich-
mond, Science 2004, 306, 1571-1573; b) N.J. Francis, R.E. Kingston,
C. L. Woodcock, Science 2004, 306, 1574-1577.

a) V. A. Bloomfield, Curr. Opin. Struct. Biol. 1996, 6, 334-341; b)L.C.

Gosule, J. A. Schellman, Nature 1976, 259, 333-335; ¢) A. A. Zinchenko,

K. Yoshikawa, D. Baigl, Adv. Mater. 2005, 17, 2820-2823; d) J. Widom,

R. L. Baldwin, Biopolymers 1983, 22, 1595-1620; e) S. M. Mel'nikov, V. G.

Sergeyev, K. Yoshikawa, J. Am. Chem. Soc. 1995, 117, 2401-2408; f) W.-H.

Huang, A.A. Zinchenko, C. Pawlak, Y. Chen, D. Baigl, ChemBioChem

2007, 8, 1771-1774; g) A. A. Zinchenko, K. Yoshikawa, D. Baigl, Phys.

Rev. Lett. 2005, 95, 228101; h) A. A. Zinchenko, T. Sakaue, S. Araki, K.

Yoshikawa, D. Baigl, J. Phys. Chem. B 2007, 111, 3019-3031; i U.K.

Laemmli, Proc. Natl. Acad. Sci. USA 1975, 72, 4288-4292.

D. D. Lasic, Liposomes in Gene Delivery, CRC Press, Boca Raton, 1987.

a) V. Noireaux, A. Libchaber, Proc. Natl. Acad. Sci. USA 2004, 101, 17669-

17694; b) I. A. Chen, K. Salehi-Ashtiani, J. W. Szostak, J. Am. Chem. Soc.

2005, 7127, 13213-13219.

a) A. Karlsson, R. Karlsson, M. Karlsson, A. S. Cans, A. Stromberg, F. Rytt-

sen, O. Orwar, Nature 2001, 409, 150-152; b) D. S. Tawfik, A. D. Griffiths,

Nat. Biotechnol. 1998, 16, 652-656; c) A. D. Griffiths, D. S. Tawfik, EMBO

J. 2003, 22, 24-35; d) A. V. Pietrini, P.L. Luisi, ChemBioChem 2004, 5,

1055-1062.

Giant Vesicles: Perspectives in Supramolecular Chemistry (Eds.: P. L. Luisi,

P. Walde), Wiley, Chichester, 2000.

a) A. Yamada, Y. Yamanaka, T. Hamada, M. Hase, K. Yoshikawa, D. Baigl,

Langmuir 2006, 22, 9824-9828; b) M. Hase, A. Yamada, T. Hamada, D.

Baigl, K. Yoshikawa, Langmuir 2007, 23, 348-352.

a) H. Gershon, R. Ghirlando, S. B. Guttman, A. Minsky, Biochemistry 1993,

32, 7143-7151; b) V. P. Torchilin, T. S. Levchenko, R. Rammohan, N. Volo-

dina, B. Papahadjopoulos-Sternberg, G. G. M. D’Souza, Proc. Natl. Acad.

Sci. USA 2003, 100, 1972-1977; c) H. Liang, D. Harries, G.C.L. Wong,

Proc. Natl. Acad. Sci. USA 2005, 102, 11173-11178.

[9] a) G. J. Dimitriadis, Nucleic Acids Res. 1979, 6, 2697-2705; b) R. T. Fraley,
C.S. Fornari, S. Kaplan, Proc. Natl. Acad. Sci. USA 1979, 76, 3348-3352;
c) M. I. Angelova, N. Hristova, I. Tsoneva, Eur. Biophys. J. 1999, 28, 142-
150; d) E. Boukobza, A. Sonnenfeld, G. Haran, J. Phys. Chem. B 2001,
105, 12165-12170.

[10] S.-i. M. Nomura, Y. Yoshikawa, K. Yoshikawa, O. Dannenmuller, S. Chas-
serot-Golaz, G. Ourisson, Y. Nakatani, ChemBioChem 2001, 2, 457-459.

[11] M. Le Berre, M.-A. Guedeau-Boudeville, Y. Chen, D. Baigl, Proc. microTAS
2006 2006, 2, 1399-1401.

[12] A-L. M. Le Ny, C.T. Lee Jr, J. Am. Chem. Soc. 2006, 128, 6400-6408.

[13] a) N. V. Hud, K. H. Downing, Proc. Natl. Acad. Sci. USA 2001, 98, 14925-
14930; b) C. C. Conwell, I. D. Vilfan, N.V. Hud, Proc. Natl. Acad. Sci. USA
2003, 700, 9296-9301; c) D. Baigl, K. Yoshikawa, Biophys. J. 2005, 88,
3486-3493.

[14] K. Yoshikawa, Y. Matsuzawa, Phys. D 1995, 84, 220-227.

[15] K. Yoshikawa, M. Takahashi, V. V. Vasilevskaya, A.R. Khokhlov, Phys. Rev.
Lett. 1996, 76, 3029-3031.

[16] a) A.V. Dobrynin, M. Rubinstein, S.P. Obukhov, Macromolecules 1996,
29, 2974-2979; b) A. Kiriy, G. Gorodyska, S. Minko, W. Jaeger, P. Stépa-
nek, M. Stamm, J. Am. Chem. Soc. 2002, 124, 13454-13462; c) D. Baigl,
M. Sferrazza, C. E. Williams, Europhys. Lett. 2003, 62, 110-116; d) D. Baigl,
R. Ober, D. Qu, A. Fery, C. E. Williams, Europhys. Lett. 2003, 62, 588-594.

[17] a)J. W.S. Rayleigh, Philos. Mag. 1882, 14, 184-186; b)Y. Kantor, M.
Kardar, Europhys. Lett. 1994, 27, 643-648.

[18] T. Hayashita, T. Kurosawa, T. Miyata, K. Tanaka, M. Igawa, Colloid Polym.
Sci. 1994, 272, 1611-1619.

[2

[3

T

[5

&)

[7

[8

Received: January 31, 2008
Published online on April 11, 2008

1206

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2008, 9, 1201 - 1206



http://dx.doi.org/10.1126/science.1103124

http://dx.doi.org/10.1126/science.1100576

http://dx.doi.org/10.1016/S0959-440X(96)80052-2

http://dx.doi.org/10.1038/259333a0

http://dx.doi.org/10.1002/adma.200501549

http://dx.doi.org/10.1002/bip.360220612

http://dx.doi.org/10.1021/ja00114a004

http://dx.doi.org/10.1002/cbic.200700229

http://dx.doi.org/10.1002/cbic.200700229

http://dx.doi.org/10.1103/PhysRevLett.95.228101

http://dx.doi.org/10.1103/PhysRevLett.95.228101

http://dx.doi.org/10.1021/jp067926z

http://dx.doi.org/10.1073/pnas.72.11.4288

http://dx.doi.org/10.1073/pnas.0408236101

http://dx.doi.org/10.1073/pnas.0408236101

http://dx.doi.org/10.1021/ja051784p

http://dx.doi.org/10.1021/ja051784p

http://dx.doi.org/10.1038/35051656

http://dx.doi.org/10.1038/nbt0798-652

http://dx.doi.org/10.1093/emboj/cdg014

http://dx.doi.org/10.1093/emboj/cdg014

http://dx.doi.org/10.1002/cbic.200400014

http://dx.doi.org/10.1002/cbic.200400014

http://dx.doi.org/10.1021/la062221+

http://dx.doi.org/10.1021/la0618521

http://dx.doi.org/10.1021/bi00079a011

http://dx.doi.org/10.1021/bi00079a011

http://dx.doi.org/10.1073/pnas.0435906100

http://dx.doi.org/10.1073/pnas.0435906100

http://dx.doi.org/10.1073/pnas.0502416102

http://dx.doi.org/10.1093/nar/6.8.2697

http://dx.doi.org/10.1073/pnas.76.7.3348

http://dx.doi.org/10.1007/s002490050193

http://dx.doi.org/10.1007/s002490050193

http://dx.doi.org/10.1021/jp012016x

http://dx.doi.org/10.1021/jp012016x

http://dx.doi.org/10.1002/1439-7633(20010601)2:6%3C457::AID-CBIC457%3E3.0.CO;2-F

http://dx.doi.org/10.1073/pnas.261560398

http://dx.doi.org/10.1073/pnas.261560398

http://dx.doi.org/10.1073/pnas.1533135100

http://dx.doi.org/10.1073/pnas.1533135100

http://dx.doi.org/10.1529/biophysj.105.059493

http://dx.doi.org/10.1529/biophysj.105.059493

http://dx.doi.org/10.1016/0167-2789(95)00020-5

http://dx.doi.org/10.1103/PhysRevLett.76.3029

http://dx.doi.org/10.1103/PhysRevLett.76.3029

http://dx.doi.org/10.1021/ma9507958

http://dx.doi.org/10.1021/ma9507958

http://dx.doi.org/10.1021/ja0261168

http://dx.doi.org/10.1209/epl/i2003-00369-6

http://dx.doi.org/10.1209/epl/i2003-00391-2

http://dx.doi.org/10.1209/0295-5075/27/9/002

http://dx.doi.org/10.1007/BF00664729

http://dx.doi.org/10.1007/BF00664729

www.chembiochem.org




DOI: 10.1002/cbic.200700691

Domain-Domain Interactions in the Iterative Type | Polyketide Synthase

ATX from Aspergillus terreus

Tomomi Moriguchi,” Yutaka Ebizuka,”™ and Isao Fuijii*

Fungal aromatic polyketides are biosynthesized by iterative
type | polyketide synthases (iPKSs), which consist of ketosyn-
thase (KS), acyltransferase (AT), and acyl carrier protein (ACP)
domains as a minimum, with additional domains such as ketor-
eductase (KR), methyltransferase (MeT), and Claisen cyclase
(CYQ), all on single polypeptides. These catalytic domains are
involved in repetitive Claisen condensations to form [-polyke-
tomethylene intermediates, which are then cyclized and arom-
atized by aldol and/or Claisen cyclization.™ Although no three-
dimensional data have been reported on iterative type | PKSs
so far, recent X-ray crystallographic studies unveiled the struc-
tures of modular type | polyketide synthase (PKS) fragment,
the KS-AT didomain from DEBS module 5, type Il actinorhodin
KS-chain length factor (CLF) heterodimer,” type Ill PKSs,” and
mammalian and fungal type | fatty acid synthases (FASs).> All
these PKSs are found as “head-to-head and tail-to-tail” dimers
except fungal FAS that form a4f¢ heterododecamers.”” From
these facts, the “head-to-head and tail-to-tail” dimer is consid-
ered to be the basic architecture common in PKS and FAS pro-
teins.

Biosynthesis of fungal tetraketide aromatic compounds has
long been studied intensively. 6-Methylsalicylic acid (6-MSA) is
the landmark compound used to establish the polyketide
pathway, and its synthase (MSAS) from Penicillium patulum was
the first PKS to be purified.”""! Recent molecular genetic stud-
ies revealed genes for MSAS from a number of fungal sources,
and heterologous expression systems of these genes have
been established."' As an iPKS, MSAS is the smallest in size,
approximately 190 kDa, consisting of KS, AT, dehydratase (DH),
KR, and ACP domains. Its domain organization is quite similar
to that of mammalian FAS, although MSAS lacks enoyl reduc-
tase (ER) and thioesterase (TE) domains. It has been assumed
that KS, AT, and ACP domains are for starter loading and fol-
lowing condensations, and KR and DH domains are for intro-
duction of double bonds after the second condensation. Al-
though no mutation studies on MSAS catalytic domains,
except KR, have been carried out, our previous deletion experi-
ments on ATX, a MSAS from Aspergillus terreus, indicated that
the conserved KS domain and helical structures at both N and
C termini could be essential for its activity. By further deletion
analysis, we identified the ID region, which is the minimum
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Aspergillus terreus ATX (1803 aa)
KS AT DH ID KR

KRd4

DHd3

Figure 1. ATX deletion mutants with the minimum length needed to recon-
stitute the catalytic reaction center by coexpression. The ID region is re-
quired for ATX subunit-subunit interaction to form dimeric or tetrameric
active catalytic centers."” KRd4 is the minimal mutant with C-terminal dele-
tion and DHd3 is the minimal mutant with N-terminal deletion for reconsti-
tution of the reaction center by coexpression in yeast.

region between the DH domain and KR domain required for
subunit-subunit interactions in ATX (Figure 1)."") As MSAS is
known to be a homotetramer,"®"'¥! we proposed a model for
ATX higher-level structure, considering that the “head-to-head

1) head-to-tail interaction

KRd4

ATX
ATX

ACP ACP

A

ATX
KRd4

Figure 2. Proposed ATX dimer-dimer interaction models from deletion
mutant analyses. “Head-to-head and tail-to-tail” dimers may be formed by
interaction of ID regions and the two dimers may interact either in a “head-
to-tail” or “head-to-head and tail-to-tail” manner.
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and tail-to-tail” dimer is the basic architecture in PKSs. As
shown in Figure 2, the “head-to-head and tail-to-tail” dimer of
the ATX subunit may interact either in a “head-to-tail” manner
or “head-to-head and tail-to-tail” manner to form a catalytically
active reaction chamber."”

For further analysis of domain functions and their interac-
tions in the ATX reaction center, we first carried out expression
of ATX catalytic domain mutants in yeast. Conserved domain
searches easily indicated the presence of KS, AT, KR, and ACP
domains but failed to show a DH domain in MSAS. The DH
domain region of ATX was assigned by comparison of secon-
dary structural elements predicted by PredictProtein http://
www.predictprotein.org/ with the discrete DHs of type Il FAS
from E. coli that have three helices and seven sheets in a
“hotdog” fold."® The consensus sequence of the DH domain,
HxxxGxxxxP, has been identified in FAS, of which the histidine
residue is the active center for dehydration,"” and the corre-
sponding sequence “?HxxxGxxxxP*®' was found in ATX. The
discrete DHs, such as type Il FAS from E. coli"® and Pseudomo-
nas aeruginosa"® have been studied and their higher struc-
tures were solved by X-ray crystallographic analysis. However,
only mutation analysis was reported on the DH domain of
modular PKS, that is, the DH domain of the picromycin/methy-
mycin PKS (PICS) module 2. PICS module 2(DH°) 4 TE, with an
inactivated DH domain, produced exclusively undehydrated
hydroxyl product.™ On iPKSs, no functional analyses of their
DH domains have been carried out including MSAS. It is
known that bacterial discrete DHs catalyze the introduction of
trans double bonds, but the actual function of MSAS DH
domain is unknown whether DH actually catalyzes dehydration
of the B-hydroxyl triketide intermediate after KR reduction to
directly form the cis double bond which is required for cycliza-
tion and aromatization in MSAS reaction.

To express ATX catalytic domain mutants, point mutations
were introduced into the wild-type atX cDNA by overlap PCR
with specific primers and the mutated atX fragments were
inserted downstream of the GAL10 promoter of pESC yeast
expression vectors as previously reported for ATX deletion
mutant expression.'”” Then, a transformant of each mutant
was cultured in induction medium with galactose. ATX KS
domain mutant C216A (KSm) could not produce 6-MSA. Simi-
larly, AT domain mutant S667A (ATm) and ACP domain mutant
S1761A (ACPm) lost 6-MSA production ability, as expected.
Thus, the crucial roles of these catalytic domain residues were
confirmed for ATX 6-MSA synthesis.

In the KR domain, a consensus sequence GxGxxG was mu-
tated to AxPxxA according to the mutational analysis on the
KR domain of P. patulum MSAS.?” The ATX KR domain mutant
I AxPxxA™*® (KRm) produced triacetic acid lactone (TAL) as
reported previously.

To analyze the DH domain function, ATX H972A mutant
(DHmM) was constructed and expressed in yeast. As dehydration
was believed to occur just after the reduction of the triketide
intermediate in the MSAS reaction, production of triketide
derivative by DHm was expected. However, HPLC analysis of
DHm induction culture could not detect production of such a
compound. A DH-like sequence (***HxxxGxxxP*¥) is also con-
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served among MSASs and the ATX H939A mutant could pro-
duce 6-MSA (data not shown). This result indicated that His®’
is crucial for ATX reaction not just for simple dehydration. If de-
hydration could occur immediately after the reduction step of
the triketide intermediate by KR, production of TAL would be
expected with DHMKRm, that was a double mutant in both
DH (H972A) and KR (**'AxPxxA'**%) domains. However, produc-
tion of TAL was not observed in DHmKRm expression culture
as shown in Figure 3.

D%JJM\JW N

|
JLLMW__
axwe L L

KRm

Asos
vector A k
B6-MSA \
TAL
[ |
0 6.8 18.3 20

ta/min———>

Figure 3. HPLC analysis of 6-MSA and TAL production by yeast transformants
expressing ATX domain mutants. DHm, DH domain mutant; KRm, KR
domain mutant; DHmKRm, DH and KR domains double mutant. HPLC was
eluted with a linear gradient of H,O/CH;CN from 90:10 to 40:60 over 23 min
monitored at 306 nm. Triacetic acid lactone (TAL) and 6-methylsalicylic acid
(6-MSA) were eluted at t;=6.8 min and 18.3 min, respectively.

These results suggested that the ATX DH domain should
function as more than a simple dehydratase of a 3-hydroxy! tri-
ketide intermediate in 6-MSA formation. Interestingly, the DH
motif HxxxGxxxxP is also found in the bacterial orsellinic acid
synthases, Streptomyces viridochromogenes AVIM2" and Micro-
monospora echinospora Cal05,%? although no apparent dehy-
dration is involved in orsellinic acid synthesis reaction. Neocar-
zinostatin naphthoate synthase (NNS) from Streptomyces carzi-
nostaticus was proposed to catalyze the formation of 2-hy-
droxy-5-methyl-1-naphthoic acid by two rounds of KR-DH reac-
tions.”® Although NNS is a hexaketide synthase, it has a quite
similar architecture to ATX with 39% amino acid sequence
identity. Alignment of the DH domains of these iPKSs including
P. patulum MSAS shows a highly conserved amino acid se-
quence. DH domains of modular type | PKSs are also highly ho-
mologoues. Although DH sequences of iPKSs, modular PKSs,
and bacterial discrete DHs such as FabAs and FabZs, are not
well conserved with respect to each other, all these enzymes
have the HxxxGxxxxP motif (Figure 4).

ChemBioChem 2008, 9, 1207 -1212
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ester to release the product as the “hotdog” super-
family includes hydrolase and thioesterase as its main
members.”! These possible roles of the ATX DH
domain are shown in the reaction scheme
(Scheme 2).

As described above, all catalytic domain mutants
of ATX (KSm, ATm, ACPm, KRm, and DHm) lost 6-MSA
production activity. We previously demonstrated that
coexpression of inactive ATX deletion mutants with
overlapping ID regions could reconstitute the catalyt-
ic reaction center for 6-MSA synthesis in yeast."
Using this coexpression system, these mutants were
used for analysis of the catalytic domain—-domain in-
teraction. As a result, the cotransformant expressing
KSm and ACPm could produce 6-MSA (Figure 5A).
Also, coexpression of DHm with either KSm or ACPm
could produce 6-MSA, possibly by reconstitution of
the catalytic reaction centers (Figure 5B). This result
also confirmed that DHm itself was not inactive be-
cause of secondary structure change caused by intro-

Figure 4. Amino acid sequence alignments of dehydratase domains of polyketide syn-
thases and dehydratases of bacterial fatty acid synthases. A) ATX, aa 962-991, BAA20102;
MSAS, aa 948-977, CAA39295; NNS, aa 972-1001, AAM77986; AviM, aa 930-959,
AAK83194; CalO5, aa 921-950, AAM70355, B) PICS_DH4, PikAll, aa 2450-2479, Q9ZGl4_
9ACTO; PICS_DH2, PikAl, aa 3601-3630, Q9ZGI5_9ACTO; RAPS_DH4, RapB, aa 4143-4172,
Q54296_STRHY; TYLS_DH2, TylG, aa 3536-3565, 033954_STRFR; DEBS_DH4, EryAll, aa
2399-2428, Q5UNP5_SACER; RIFS_DH4, RifB, aa 945-974, 052545_AMYMD, C) Pseudo-
monas FabA, aa 60-89, AAC45619; E. coli FabA, aa 61-90, AAC74040; E. coli FabZ, aa 44-
73, AAC73291; Pseudomonas FabZ, aa 39-68, AAG07033. Conserved amino acids in
Hx(x)xGxxxxP region are shown as circled. Alignments were generated by using CLC

Free Workbench.

It has been unknown whether the triketide intermediate
tethered on ACP takes the “linear” conformation or the
“curved” conformation, which is the substrate of KR in the
MSAS reaction. If the linear triketide could be the direct sub-
strate and the following dehydration by DH could give a 2-
trans-enoyl intermediate, isomerization to the 3-cis-enoyl form
would be necessary to allow the intermediate to fit in the cata-
lytic reaction cavity for further condensation and aldol cycli-
zation. It was reported that FabA carries out the isomerization
of 2-trans- to 3-cis-decenoyl-ACP by allylic rearrangement
(Scheme 1).2* This suggests that DH in iPKSs, including ATX,
may be involved in isomerization of a 2-trans-enoyl intermedi-
ate to the 3-cis-enoyl form. It might also be possible that the
ATX DH domain catalyzes the hydrolysis of 6-MSA ACP thiol-

HO, \\HO

CgH1 MS-ACP

3 3

(R)-3-hydroxydecanoyl-ACP 2-trans-decenoyl-ACP

Scheme 1. Isomerization reaction of 2-trans- to 3-cis-decenoyl-ACP catalyzed by E. coli FabA. FabA catalyzes two
reversible reactions, the dehydration of (R)-3-hydroxydecanoyl-ACP to 2-trans-decenoyl-ACP and the isomerization

of 2-trans-decenoyl-ACP to 3-cis-decenoyl-ACP.

ChemBioChem 2008, 9, 1207 - 1212

duction of a mutation, but was active except for the
DH domain. Then, coexpression of all other combina-
tions of ATX domain mutants was analyzed and all of
them could reconstitute ATX activity (Table 1).
Mammalian FAS is homodimeric, and has domain
architecture similar to iPKS. In FAS mutant comple-
mentation analysis, heterodimers comprised of a sub-
unit containing either a KS or AT domain mutant,
paired with a subunit containing mutations in any
one of the other five domains, DH, ER, KR, ACP, or TE,
were active in fatty acid synthesis but domain
mutant heterodimers in either DH, ER, KR, ACP, or TE

Table 1. Summary of single-domain mutant coexpression experiments.

Mutant 2: Mutant 1: domain mutation

domain mutation KS AT DH KR ACP
KS _L[b] +[a] + + +
AT - + + +
DH - + +
KR TAL +
ACP -

[a] +: 6-MSA was detected in the culture of the cotransformant of
mutant 1 and mutant 2. [b] —: no 6-MSA was detected in the cotrans-
formant culture. All heterologous combinations of inactivated catalytic
domain mutants could reconstitute MSAS activity.

H,0
A 1
CoHs MS-ACP CoHs MS-ACP

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

were inactive.?® Therefore, it

had been presumed that only
KSm and ATm could reconstitute
the reaction center by coexpres-
sion with other domain mutants
in ATX. We observed that each
domain mutant could be com-
plemented by any other kind of
domain mutation to reconstitute
the reaction center for the syn-

o}
3

3-cis-decenoyl-ACP
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f 2
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0 - ~ TAL
- hydrolysis
LCoA O)\/\SS-ACP O'J\\/\VS'ACP
aCEty+-CO KS, AT KS, AT o KR
3 malonyl-CoA Claisen Claisen ketoreduction
_ condensation WS—ACP condensation /\(S-ACP
O O o O O
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1 S-ACP s S-ACP >
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H 5
S-ACP
CH ﬁ
S0P S-ACP
© - COOH
aldol (¢ hydrol.ysis O
o) S-ACP cyclization 0 ] OH
\ ol 6-MSA
O

Scheme 2. Possible functions of the DH domain in the 6-MSA synthase reaction. The DH domain might catalyze not only the dehydration of the triketide in-
termediate but also the isomerization of an intermediate and/or the hydrolysis to release the product from ACP.

thesis of 6-MSA. In addition, when the KS domain mutant KSm
was coexpressed with the four domains mutant (ATm-DHm-
KRm-ACPm) the cotransformant could produce 6-MSA. This
kind of complementation was observed in all other domain
mutants (Figure 6).

As proposed in our previous report, the ID region could
have a role in interaction of the two subunit polypeptides in a
“head-to-head and tail-to-tail” manner, which further interacts
in a “head-to-head and tail-to-tail” or “head-to-tail” manner.
Thus, coexpression of the KS-ATm-DHm-KRm-ACPm subunit
and KSm-AT-DH-KR-ACP subunit, for example, resulted in sto-
chastic formation of active catalytic center in tetrameric ATX
enzyme, that is, the N half (KS-ATm-DHm) interacts with anoth-
er N half (KSm-AT-DH) and C half (KR-ACP). In the ATX catalytic
center, the five active domains, KS, AT, DH, KR, and ACP, even
when each was on either one of four subunits, could interact
with each other with substantial flexibility and carry out 6-MSA
synthesis (Figure 7).

Experimental Section

Materials: The atX cDNA, ATX yeast expression plasmid pESC-ATX,
and SFP expression plasmid p424-SFP were constructed previous-
ly."™ Plasmids p424 GPD was obtained from American Type Culture
Collection. pESC-URA and pESC-HIS were from Stratagene. Saccha-
romyces cerevisiae INVSc1 (MATa his3D1 leu2 trp1-289 ura3-52) was
from Invitrogen.

Construction of ATX domain mutants: The N-terminal fragment
upstream of the mutation and the C-terminal fragment down-
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stream of the mutation, or vice versa, were amplified using the
intact atX cDNA as a template by Phusion high fidelity DNA poly-
merase (Finnzymes). Then, overlap PCR of these N-terminal and C-
terminal fragments amplified by Phusion high fidelity with specific
5'- and 3’-terminal primers gave the full-length atX cDNA with mu-
tation, which was introduced into a pESC-URA or pESC-HIS vector.
Active site amino acids of all catalytic domains were mutated to
alanine except for the KR domain. In the case of the KR active site,
GxGxxG was mutated to AxPxxA as previously reported.”® Addi-
tional mutations were introduced by the same overlap PCR
method using mutated atX cDNAs as PCR templates.

Coexpression of ATX domain mutants: Transformation of S. cerevi-
siae INVSc1 was carried out with the frozen-EZ yeast transformatio-
n ™ kit (ZYMORESEARCH). Cotransformants with two different
ATX mutant plasmids (pESC-URA-ATX and pESC-HIS-ATX) and SFP
expression plasmid p424-SFP were selected on SC minimal plates
lacking uracil, histidine, and tryptophan. After preculture in SC
medium containing 2% glucose for two days at 30°C, 220 rpm,
the cotransformant was transferred into SC medium containing
2% galactose and 1% raffinose to induce atX expression and cul-
tured at 30°C, 220 rpm overnight.

HPLC analysis of the ATX product: Induction culture was extract-
ed with an equal volume of ethyl acetate twice under acidic condi-
tion. To detect 6-MSA, evaporated residue was dissolved in 200 pL
of CH;CN and 10 uL was injected and analyzed by HPLC. HPLC
analysis was performed on a Tosoh DP 8020 pump, PD 8020 pho-
todiode array detector, and an Inertsil® ODS-3 column (4.6x
150 mm; GL Sciences, Tokyo, Japan) with a solvent system of
CH,CN containing CH;COOH (1%, solvent B) and H,O containing
CH;COOH (1%, solvent A) at a flow rate of 0.8 mLmin~". Elution
was performed with a linear gradient of solvent A/solvent B from
80:20 to 20:80 over 30 min for the detection of only 6-MSA. Under
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B) TAL
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0 6.7 18.3 20
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Figure 6. Coexpression of a single domain mutant and quadruple domain
mutant. Every single domain mutant was coexpressed with a quadruple
A domain mutant that has mutations in the other four catalytic domains, as
306 follows; I: ACPm and KSmATmDHmMKRm, II: KRm and KSmATmDHmMACPm,
Ill: DHmM and KSmATmMKRmMACPm, IV: ATm and KSmDHMKRmMACPm, V: KSm
] and ATmDHmMKRmMACPm. HPLC conditions were same as those used for
DHm - ACPm j‘ Figure 3. All kinds of coexpression transformants could produce 6-MSA.
DHm - KSm
DHm
AL
vector [
6-MSA J{ / Tetrameric subunit interaction
ll - 1 | 1) head-to-tail interaction
0 13.9 20

tz/min | ———>

Figure 5. Coexpression of domain mutants in yeast. KSm, KS domain
mutant; DHm, DH domain mutant; ACPm, ACP domain mutant; KSm-ACPm,
KSm and ACPm cotransformant; DHm-KSm, DHm and KSm cotransformant;
DHm-ACPm, DHm and ACPm cotransformant. A) HPLC analysis of KSm-
ACPm production. B) HPLC analysis of DHm-KSm and DHm-ACPm produc-
tion. HPLC was eluted with a linear gradient of H,0/CH;CN from 80:20 to
20:80 over 30 min monitored at 306 nm. 6-Methylsalicylic acid (6-MSA) was
eluted at t;=13.9 min.

these conditions, 6-MSA was identified by comparison with an au-
thentic sample at a retention time of 13.9 min. To observe both
TAL and 6-MSA at the same time, evaporated residue was dis-
solved in 200 pL of 10% CH,CN aq. and 10 uL was injected, elution
was performed with a linear gradient of solvent A/solvent B from
90:10 to 40:60 over 23 min, and TAL and 6-MSA was identified by
comparison with an authentic sample at a retention time of
6.7 min and 18.3 min respectively. S. cerevisiae INVSc1 transformant  Figure 7. Proposed ATX tetramer model. “Head-to-head and tail-to-tail” sub-
with pESC-ATX produced 6-MSA in approximately 75 ugmL™" cul-  unit dimers might interact in a “head-to-head and tail-to-tail” or “head-to-

ture medium, which was used as a positive control of 6-MSA pro-  tail” manner. Five catalytic domains could interact with each other with sub-
duction in HPLC analyses. stantial flexibility in the reaction chamber.
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Evolution in Reverse: Engineering a p-Xylose-Specific Xylose Reductase

Nikhil U. Nair and Huimin Zhao*®

Xylitol (1) is a pentitol and is used not only as a sweetener but
also as a platform chemical for the production of industrially
important chemicals. As a sweetener, it has been shown to
possess several favorable properties in comparison to other
sugar substitutes, such as anticariogenicity,” good gastrointes-
tinal tolerance, low caloric content, and minimal insulin de-
pendence for metabolism. As an alternative to direct chemical
reduction with gaseous hydrogen over Raney nickel catalyst,
safer and environmentally-friendly biosynthetic routes of pro-
ducing xylitol by fermentation and enzymatic reduction of b-
xylose (2) into xylitol by using xylose reductases (XR) have also
been studied extensively (Scheme 1).%4 However, the unspecif-

(o] OH
4
OH XR OH
HO HO
3 ==0OH OH
NAD(P)H +H"  NAD(P)*
OH
2 1

XR

NAD(P)H + H" NAD(P)*

Scheme 1. Reduction of p-xylose (2) to xylitol (1), and L-arabinose (3) to L-
arabinitol (4) by xylose reductase (XR); the epimeric carbons are indicated
with arrows.

ic nature of chemical reduction has not been addressed by the
use of XRs. These enzymes have evolved to act as promiscuous
aldose reductases and can reduce a number of pentoses and
hexoses efficiently, of which L-arabinose (3) is of particular
importance. L-Arabinose, which occurs in abundance with its
epimer p-xylose in plant hemicellulose, is difficult to remove,*
and if left unpurified, will be reduced to L-arabinitol (4)—an
unwanted byproduct. To the best of our knowledge, no one
has attempted to implement methods to alleviate this issue,
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which remains one of the primary obstacles in the economical
production of xylitol. We propose a “kinetic resolution” of the
two reacting epimers by selective reduction of xylose from a
mixture of sugars. Here, we present an engineered XR with
partially reversed promiscuity, which results in increased prefer-
ence of the enzyme for p-xylose over L-arabinose. Very few ex-
amples exist in the literature of enzymes engineered to have
narrowed substrate acceptance, and none for highly promiscu-
ous sugar-utilizing enzymes.

XRs from the yeasts Pichia stipitis and Candida tenuis are
most popular for xylitol production; however, these enzymes
have higher catalytic efficiencies toward L-arabinose than b-
xylose (Table 1).*” Consequently, we decided that the recently

Table 1. Selectivities of two popular yeast XRs and that from N. crassa.

Organism Selectivity®
Neurospora crassa®™ 24

Pichia stipitis” 0.625
Candida tenuis® 0.5

[ SeleCtiVity = (kcat/KM)xy\ose/(kcat/KM)arabinose'

isolated fungal XR from Neurospora crassa (NcXR) was a better
choice for engineering due to its innate 2.4-fold preference for
p-xylose, high activity, and high expression level in E. coli’®
Semirational-design approaches, targeted site-saturation muta-
genesis (TSSM), and combinatorial active-site saturation testing
(CASTing) have been successfully applied to shift the substrate
specificity of the human estrogen receptor o. LBD,” and to
alter enantioselectivity or substrate scope of lipases, respec-
tively."®" Thus, we sought to use a similar method to engi-
neer a p-xylose-specific XR. In addition, random mutagenesis
by error-prone polymerase chain reaction (epPCR) was used to
recognize possible contributions by distant residues through
allosteric interactions.

For TSSM, first-shell residues within interacting distance (ex-
tended from a standard 4-5 to 8 A for NcXR with a wide, sol-
vent-accessible active site) were identified by docking and
energy minimizing p-xylose and L-arabinose into a homology
model.®! Of the thirteen residues identified, two catalytic resi-
dues (Y49 and K78) were not mutated.” D48, F112, and N307
were noted to be particularly important due to their proximity
to C4 of the two sugars 2 and 3. Mutant S (F112S) was identi-
fied after screening as one with maximum increase in substrate
specificity (Table 2). A second round of TSSM and screening on
the remaining ten residues in the mutant S background did
not, however, result in the identification of any improved mu-
tants (see the Experimental Section for details of screening).
Mutagenesis by epPCR with this template followed by selec-
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Table 2. Kinetic constants for NcXR mutants in 50 mm MOPS buffer
(pH 6.3) at 25°C.

Mutant Ky, Keat Relative Selectivity™

[mm] [min~"] catalytic
efficiency™

p-xylose

wtd 34+4 36004+200 1.0 24

S 450441 3380+120  0.071 9.0

Q 82410 28604+100  0.33 8.9

QcC 100+ 14 33304150  0.31 10.8

MQcC 160+ 15 4020+125 024 1.7

mQcl 190 +20 2620+100  0.13 16.1

VMQCI 430466 5160+380  0.11 16.5

L-arabinose

wtd 40£10 18004100  0.41

S > 2000 > 700 0.0079

Q 530452 2070+ 90 0.037

QcC 530482 1640120  0.029

MQcC 9904210 21304210  0.020

mQcl 15104210 12904100  0.0081

VMQCI > 2000 > 1000 0.0079

[a] Relative catalytic efficiency = (ku/Kwxyiose, mutant/ (Keat/ Kisyiose,we- [0] Selec-
tivity = (Kca/Ki)eytose! (Keat/ Ki)arabinose- - [C] Parameters  for wild-type enzyme
from published data.®’ [d] Values indeterminable as L-arabinose is not

readily soluble at >2000 mwm.

tion also failed to identify mutants with improved selectivity.
With the inability to find improved specificity relative to mu-
tant S, epPCR was performed with wild-type NcXR. After apply-
ing selective pressure to the library for improved p-xylose pref-
erence (see the Experimental Section and Supporting Informa-
tion for details), we identified mutant Q (L109Q), which had
8.9-fold preference for p-xylose (Table 2).

In some previous examples of directed evolution, mutations
of different mutants have been known to be collectively ad-
ditive in improving the desired property,"*" but similar at-
tempts to combine these two positions by simultaneous-satu-
ration mutagenesis did not yield any improved mutants. Map-
ping of mutants Q and S on the homology model revealed
their position on B-strand 4 of the proposed (/a)s barrel struc-
ture of NcXR. We speculated that this (3 strand might play an
important role in determining substrate specificity, and muta-
genesis was thereafter concentrated on residues in this secon-
dary structure and those that flank it (L102 to Y118). Iterative
rounds of TSSM identified additional mutations 1110C, L107M,
V114l, and L102V, and finally yielded mutant VMQCI. Each sub-
sequent mutation increased the substrate preference for b-
xylose, although it was accompanied by loss in overall catalytic
efficiency (Table 2). Loss in affinity toward p-xylose is accepta-
ble to a certain degree if it does not have a significant impact
on the overall productivity.

To test the mutant in a mixed-sugar experiment, resting cell
studies were performed by using E. coli strain HZ348 that ex-
pressed either wild-type (wt) or mutant VMQCI XR (Figure 1).
Arabinitol was produced more slowly compared to xylitol in
both cases, and the mutant produced significantly lower
amounts of arabinitol (~5.5-fold), but only slightly decreased
amounts of xylitol (~ 1.2-fold) over four days compared to wild-
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Figure 1. Conversion of p-xylose (m) to xylitol (0), and L-arabinose (4) to L-
arabinitol (2) by resting cells (ODgy, = 15) at 30 °C in minimal medium with-
out a nitrogen source by using: A) wild type (wt), and B) VMQCI mutant
NcXR. Reduction of L-arabinose by the mutant enzyme stalls even before
complete depletion of glucose (e).

type XR. These data are consistent with in vitro kinetic parame-
ters of the enzymes, and corroborate the idea that a p-xylose-
specific XR can significantly reduce the amount of byproducts.

We have, for the first time, successfully shown that a mutant
XR engineered to prefer p-xylose over L-arabinose is a viable
method for circumventing purification issues during biosynthe-
sis of xylitol. We have also shown that 3-strand 4 in the (3/a),
structure of XR plays an important role in discriminating sugar
substrates. While it might be possible to create a mutant with
further improved specificity, we feel that the loss in activity
toward p-xylose could be too detrimental for productive xylitol
synthesis. As an alternative, p-xylose and L-arabinose transport-
ers can be targeted to modulate intracellular concentrations of
sugars; this would amplify the effect of mutant VMQCI further.

Experimental Section

Library creation and selection: TSSM libraries were created by
overlap-extension PCR by using primers that contained a degener-
ate NNS codon (N: any nucleotide; S: either cytosine or guanine),
and high fidelity Phusion DNA polymerase. For the epPCR experi-
ments, Tagq polymerase reaction mixture supplemented with MnCl,
(0.2 mm) was used to introduce mutations. Created libraries were
ligated into pACYCDuet-1 (Novagen) between EcoRI and Bglll re-
striction sites; this resulted in fusion to an N-terminal Hise-tag.
TSSM libraries were electroporated into E. coli BL21(DE3) and se-
lected for chloramphenicol resistance. The epPCR libraries were
electroporated into E. coli HZ349 and subjected to selection pres-

ChemBioChem 2008, 9, 1213-1215
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sure. The largest colonies were further screened to test for im-
proved specificity.

Strain construction and selection: E.coli HZ348 (AxylA
A(araBAD)567 AlacZ4787 rrB-3  lacl’ A(rhaBAD)568 hsdR514
AphoBR580 galU95 recA AendA9 (DE3) uidA(AMIul):pir(wt)) were
created by inactivation of xylA as described elsewhere.™ Glucono-
bacter oxydans ATCC 621 xylitol dehydrogenase (xdh) and E. coli
DH5a L-ribulokinase (araB) were amplified from genomic DNA,
spliced, and cloned into pTKXb for constitutive expression."
When transformed with this construct HZ348 gave the selection
strain HZ349. Positive selective pressure over p-xylose resulted in
an active XR to complement the xdh in its assimilation; this result-
ed in cell growth. A negative selective pressure by L-arabinose
against promiscuous XR resulted in the accumulation of toxic ara-
binitol phosphate and led to growth inhibition.

Library screening and kinetic characterization: Lysates of mutant
XR expressing cultures were screened by adapting the protocol
previously described for a 96-well plate format.®’ For the best can-
didates, His;-tagged enzymes were isolated by Co" affinity purifica-
tion and were characterized at 25°C in 3-(N-morpholino)propane-
sulfonic acid buffer (MOPS; 50 mm), pH 6.3, also as previously
described.® All kinetic parameters were averages of two or more
independent experiments.

Resting-cell studies: Studies were performed as described else-
where,"® with slight variations. Cells were grown in LB medium to
mid-log phase and induced with isopropyl (3-b-1-thiogalactopyra-
noside (IPTG; 500 pum), and p-xylose and L-arabinose (1% of each)
at 30°C, overnight. Cells were then washed thoroughly and resus-
pended to give ODg,=15 in minimal medium with glucose
(190 mm), p-xylose (46 mm), and L-arabinose (46 mm), but no nitro-
gen source. Flasks were incubated at 30°C and 250 rpm, and su-
pernatants were analyzed for various sugars by using a Bio-Rad
HPX-87C column on a Shimadzu HPLC with ELSD-LT detector ac-
cording to the manufacturer’s recommendations. Data were aver-
aged from two independent experiments.
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Identifying Selective Protein Tyrosine Phosphatase Substrates and
Inhibitors from a Fluorogenic, Combinatorial Peptide Library

Sayantan Mitra® and Amy M. Barrios** !

Protein tyrosine phosphatases (PTPs) are increasingly recog-
nized as enzymes that exhibit exquisite substrate selectivity
and play critical, nonredundant roles in cellular signaling." In
vivo, tyrosine phosphorylation is both dynamic and tightly
regulated, controlled by the opposing actions of protein tyro-
sine kinases (PTKs) and PTPs.>® Although several PTPs have
been identified as attractive therapeutic targets in human dis-
eases including autoimmunity, obesity, diabetes, and can-
cer,l"”® the development of potent, selective PTP inhibitors re-
mains a significant challenge because of the high homology of
the PTP catalytic domains and a lack of information about the
molecular basis for substrate and inhibitor recognition.”* '
Strategies for studying PTP selectivity include measuring the
small changes in absorbance and fluorescence upon dephos-
phorylation of phosphotyrosine (pY),""® mass spectrometry
techniques (ECLIPSE),"¥ radiolabeled phosphosubstrates,!
and anti-pY antibodies."®'”! These approaches, although valua-
ble, have limited sensitivity, employ discontinuous assays, and
can require specialized equipment or isotopic enrichment. Al-
ternatively, catalytically incompetent enzymes have been used
to “trap” substrates from cell lysates"® or combinatorial libra-
ries of phosphopeptides.'*" Libraries of peptides containing
difluorophosphonomethylphenylalanine (F,Pmp; Scheme 1), a

\\“.\(om \‘\‘.K(OJ\NVM
CIJ (elie]
HO-P=0 HO, _CF,
| BE
OH HO" ©
pCAP F,Pmp

Scheme 1.

nonhydrolyzable analogue of pY, have also been used.**?*

These efforts generally identify only high affinity substrates
and have the limitation that affinity is not always equal to cata-
lytic turnover. Finally, innovative approaches using assays
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linked to chymotrypsin-mediated cleavage™" or tyrosinase-
catalyzed oxidation®™?? of the dephosphorylated substrate
have been used in both discontinuous®??} and continuous
assays®®?! for PTP substrate selectivity. These assays, even
when run continuously, are not direct assays for PTP activity
and can require the addition of several different reagents and
significant data workup.

In light of the challenges highlighted above, there remains a
great need for new tools to facilitate PTP substrate selectivity
profiling. An ideal assay would allow direct, continuous mea-
surement of dephosphorylation by catalytically competent PTP
domains, provide a simple, highly sensitive readout, and be
amenable to high-throughput screening and incorporation
into fully diverse combinatorial peptide libraries. We have re-
cently described the use of phosphorylated coumaryl amino
acids as pY analogues in peptide-based PTP substrates.**3"
The increase in fluorescence upon dephosphorylation of the
pCAP residue (Scheme 1) can be readily followed in real time
and is linear over a large concentration range.®” Notably, sub-
strates containing the pCAP residue are readily hydrolyzed by
a variety of PTPs with kinetic parameters similar or superior to
that of analogous pY-containing peptides.®*3" Herein we de-
scribe the development of two pCAP-based, fully diverse, posi-
tionally scanned combinatorial peptide substrate libraries and
their utility in profiling PTP substrate selectivity.

By scanning one position at a time and presenting an equi-
molar mixture of all possible amino acids in the other positions
of the substrate sequence, a positional scanning approach
allows determination of amino acid preferences at each posi-
tion with no inherent bias due to interactions with neighbor-
ing positions.*>*¥ The downside to this is that individual pep-
tides based on the resulting library profiles must be synthe-
sized and characterized to validate the profile. As a template
for our library, we selected the sequence surrounding Tyr992
of the EGF receptor, DADE-pY-L, a well-established, general PTP
substrate."” We initially scanned four amino acids N-terminal
to the phosphorylated residue using a library of compounds
with the sequence XXXX-pCAP-LAA (N-terminal library, Fig-
ure 1). Based on preliminary results indicating that lle was pre-
ferred over Ala at the —3 position, we scanned the C-terminal
subsite preferences using a library with the sequence DIDE-
pCAP-XXXX (C-terminal library, Figure 1). To validate the utility
of the combinatorial libraries, we profiled the N- and C-termi-
nal substrate selectivity of TCPTP, a well-characterized member
of the PTP family of enzymes.

The N-terminal library profile for TCPTP (Figure 2) shows
slight preferences for Phe and Leu at the —4 position and Ala
at —1, a marked preference for hydrophobics at —3, and little
selectivity at the —2 position. Interestingly, acidic amino acids
do not appear to be preferred at any of the N-terminal sub-
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N-terminal library:

ZXXX-pCAP-LAA -4

+1 DIDE-pCAP-ZXXX

XZXX-pCAP-LAA -3

+2 DIDE-pCAP-XZXX

XXZX-pCAP-LAA -2

+3 DIDE-pCAP-XXZX

XXXZ-pCAP-LAA -1

+4 DIDE-pCAP-XXXZ

Figure 1. The N-terminal and C-terminal libraries in 96-well plate format. Z denotes the positionally addressed amino acid. X denotes an equimolar mixture of
all amino acids (the 20 naturally occurring amino acid excluding Cys and Met, but including the Met isostere, norleucine, n). Residues N-terminal to the pCAP
moiety are denoted as —1, —2, —3, etc., whereas residues C-terminal to pCAP are +1, +2, +3, etc.
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Figure 2. The N- and C-terminal library profiles of TCPTP substrate selectivity. The y-axis shows the increase in relative fluorescence intensity produced upon
substrate hydrolysis. The amino acids at each position are spatially addressed along the x-axis. The numbering scheme represents the relative position with

respect to the pCAP residue, as defined in Figure 1.

sites, contrary to the results of others.™ More recently, a dual
preference for substrates containing either acidic or hydropho-
bic amino acids N-terminal to the phosphorylated residue has
been reported, which is in agreement with the results from
our library.®® On the C-terminal side, TCPTP displays a marked
bias against Pro at the +1 position, a preference for Glu at the
+3 position, and little selectivity at the +2 and +4 positions.

In order to validate the utility of the TCPTP profile, we
synthesized peptide substrates based on the most and least
preferred amino acids at each position. The library parent
sequence is a reasonably good substrate of TCPTP (Table 1).
When the “best” amino acids at each position are combined,
the resulting peptide, FnGA-pCAP-QLEE, is turned over nearly
twice as fast as the parent library sequence. On the other
hand, when some of the “worst” amino acids at each position
are combined, no hydrolysis of the resulting peptide, DPHR-
pCAP-VWKR, was observed. A peptide based on mediocre
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Table 1. Kinetic parameters for TCPTP-catalyzed hydrolysis of several
peptide substrates.

Substrate Keat K Kea/ K

[s7] [mm] [M~'s7'x10%
Ac-DIDE-pCAP-LAA-NH, 9245 0.324+0.02 2943
Ac-FnGA-pCAP-QLEE-NH, 160+30 0.27 +£0.05 60115
Ac-VFDQ-pCAP-HESP-NH, 11.5+05 0.28+0.03 41+0.5
Ac-DPHR-pCAP-VWKR-NH, NR NR NR

NR =no reaction.

amino acids at each position, VFDQ-pCAP-HESP, was turned
over tenfold less efficiently than the “best” substrate. These re-
sults validate the library profiles for TCPTP, demonstrating that
combinations of the best, mediocre, or worst amino acids at
each position do indeed result in good, average, or poor sub-
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strates. It is not surprising that the sequences obtained from
the profiles bear little resemblance to known biological sub-
strates as, in a biological context, substrate hydrolysis is gov-
erned by a host of factors in addition to the primary sequence
surrounding the pY residue, including subcellular localization
of both enzyme and substrate, the local secondary and tertiary
protein structure surrounding the pY residue, and interactions
between domains other than the catalytic domain with the
substrate. Nevertheless, the pCAP substrate library profiles pro-
vide extremely useful information for both in vitro assays and
PTP inhibitor design.

One important application of the substrate specificity pro-
files described above is the design of potent, selective PTP
inhibitors. By replacing the pCAP residue of the optimal sub-
strate with a nonhydrolyzable pY mimic, we obtained a TCPTP
inhibitor with an IC;, value near 400 nm (Figure 3). The pep-
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F

Figure 3. Inhibition of TCPTP by Ac-FnGA-F,Pmp-QLEE-NH.,.

tide, FNGA-F,Pmp-QLEE, did not inhibit other members of the
PTP family of enzymes, CD45 and YopH, even at a concentra-
tion of 250 um. However, PTP1B, a PTP with a catalytic domain
that is approximately 74 % identical to TCPTP®* was also inhib-
ited with an 1Cs, value of 300 nm. This is not surprising given
the high homology between the two catalytic domains and
the difficulty in achieving selectivity between these two en-
zymes. However, because even small changes in tyrosine phos-
phorylation can have significant impact on cellular signaling
pathways, we believe that our approach to identifying PTP
substrates and inhibitors has great potential. Future work with
these libraries will focus on obtaining selectivity among homol-
0ogous enzymes.

In summary, we have developed a new approach to rapidly
and efficiently profile the substrate selectivity of PTPs using a
highly sensitive fluorogenic mimic of pY incorporated into po-
sitionally scanned peptide libraries. This approach overcomes
several of the challenges associated with profiling PTP sub-
strate selectivity. The fluorescent readout is highly sensitive,
direct and continuous and requires no specialized equipment.
Furthermore, the positionally addressed library yields data that
is easy to deconvolute, requiring little workup after data collec-
tion. The selectivity profiles thus obtained are useful in design-
ing both optimal peptide substrates and selective inhibitors
for a given enzyme. Given the difficulty of identifying potent,
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selective PTP substrates and inhibitors, this facile, substrate-
library based approach has the potential to be a powerful tool
in the study of biological tyrosine phosphorylation.
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Efficient N-Terminal Glycoconjugation of Proteins by the N-End Rule

Lars Merkel,” Henning S. G. Beckmann,® Valentin Wittmann,*®™ and Nediljko Budisa*

The importance of protein N terminus sequence composition
for cell physiology was recognized more than two decades
ago." However, its relevance for chemical protein engineering
through an expanded genetic code was demonstrated only
very recently.”) Nature changes the chemistry of the N termi-
nus by posttranslational modifications (PTMs) such as long-
chain alkylation, acetylation, myristoylation, glycosylation,
etc.®¥ This, in turn, influences the lifetimes and general meta-
bolic fates of tagged proteins in different ways according to
the N-end rules.”’ Although Met is the first amino acid in a
newly synthesized protein, it is usually enzymatically removed
from the mature protein when the second position is occupied
by a non-bulky residue (for example, Ala, Cys, Gly).” On the
other hand, bulky amino acids—such as Lys, Arg, Leu, Phe, and
lle—in this position protect the N-terminal Met from being
processed.”” The extension of these rules to noncanonical
amino acids occupying the protein N terminus should enable
the in vivo generation of stable artificial N-terminal handles.
Their subsequent chemical derivatization might generate new
specific functions, especially if carbohydrates are attached.
Protein glycosylation is the most complex form of PTM, and
the development of methods for the preparation of homoge-
neously glycosylated proteins or related mimics is of utmost
importance for unraveling the biological roles of glycans.”®
Traditional approaches for chemical posttranslational modifica-
tion by derivatization of solvent-accessible reactive side chains
such as those of lysine and cysteine often lead either to heter-
ogeneous or to hardly reproducible mixtures of modified pro-
teins,” and so selective methods that will allow absolute con-
trol of the type and positions of glycans within a protein are
required. Walsh and co-workers applied the copper(l)-cata-
lyzed™" Huisgen [34-2] cycloadditions? (CCHCs) of azides
and alkynes (examples of click chemistry reactions™) in order
to introduce carbohydrate residues into synthetic cyclopeptide
antibiotics containing propargylglycine residues.™ The poten-
tial to translate a noncanonical functional group—such as
ketone, azide, or alkyne—that can be chemoselectively modi-
fied into a protein structure during ribosomal synthesis!>"”
opens a way to generate homogeneous, structurally defined
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glycoproteins with the carbohydrate installed at a preselected
site.

In the context of suppressor-based methodology, site-specif-
ic incorporation of p-acetyl-phenylalanine was first performed.
Aminooxy derivatives of various sugars were subsequently
coupled to the keto group in the protein."™ A step further was
the introduction of monoglycosylated amino acids into pro-
teins in response to an amber stop codon,™™ to which addi-
tional sugar molecules were attached by the enzymatic action
of glycosyltransferases."® While this work provided a proof-of-
principle for the use of an expanded genetic code in glycobiol-
ogy, suppression-based methodology is generally limited by
low production yields and a technically expensive experimental
setup. Very recently, Davis and co-workers used a more effi-
cient auxotrophy-based residue-specific method to introduce
azidohomoalanine (Aha) and homopropargylglycine (Hpg) into
engineered TIM barrel and LacZ proteins.”” Their substituted
proteins (Met—Aha and Met—Hpg) were subjected to CCHC
reactions with alkyne- or azide-substituted carbohydrates to
provide homogeneous protein glycoconjugates.

Only recently, we have shown that excision of N-terminal
Met analogues can be effectively prevented by the presence of
bulky amino acids such as Arg or Lys at the second and even
third sequence positions.” Here we demonstrate that the pres-
ence of two bulky Lys residues in sequence positions two and
three of the protein barstar indeed prevents excision of N-
terminal Aha. This approach artificially creates a new handle
exclusively at the protein’s N terminus, which allows the use of
the engineered azido function for subsequent N-terminal con-
jugation with synthetic alkyne-derivatized carbohydrates.

Several methods for site-selective modification of the N ter-
mini of proteins have been developed. To some extent, direct
acylation of N-terminal amino groups can be achieved because
of their lower pK, values (in relation to side-chain amino
groups) by careful control of the reaction pH.?? The selectivity
of this reaction is limited, however, because of the large
number of lysine residues contained in most proteins. Reactive
carbonyl groups can be produced through periodate oxidation
of N-terminal serine and threonine residues™® (delivering alde-
hydes) or through reactions between N termini and pyridoxal-
5-phosphate, leading in a two-step sequence to the formation
of ketones.” These carbonyl groups can subsequently be li-
gated with alkoxyamines to form oximes. Oxime formation,
however, while proceeding with high chemoselectivity, is po-
tentially reversible, which can lead to loss of the conjugated
moiety. Alternative methods include treatment of N-terminal
cysteine residues with thioesters to produce peptide bonds
through native chemical ligation® %" and with aldehydes to
form thiazolidines.”® Beside these chemical methods, several
approaches based on in vitro translation with pre-charged ini-
tiator tRNAs have been reported.*3
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Barstar is a small recombinant protein consisting of 90
amino acids and is widely used for folding studies. In our
study, engineered cysteine-free “pseudo-wild-type barstar” (y-
b*), Pro28Ala/Cys41Ala/Cys83Ala with only one Met residue at
the N terminus (Met1), was employed (Scheme 1A).2" N-termi-

A) @N?N B) Aha-y-b*
s~ N 5
H
HO 0 /
<r”’v ’q"a BN o~
HaN HN Cuso, , NHac
o] 0 L-ascorbic acid

OH

C terminus

y-b* (Xaa1 = Met)

NHAc

Aha NHAC Og
b A
2

OH
Aha(GIcNAC)y-b* R = ”ﬁaﬁ&)}

disaccharide at the beginning of the core structure common
to all N-glycoproteins. O-GIcNAc modification of proteins is a
ubiquitous form of PTM predominantly found in nuclear and
cytoplasmic proteins and is involved in many cellular regula-
tion processes.*” Both carbohydrate structures are known to
be recognized by wheat germ agglutinin (WGA), a
lectin that is used to detect natural O-GIcNAc PTM.
The CCHC reactions between Aha-\y-b* and the
alkyne-containing glycosides 1 and 2 were each car-
or ried out in aqueous buffer in the presence of CuSO,
and L-ascorbic acid (Scheme 1B). Mass spectrometric
analyses of the obtained glycoconjugates Aha-
(GlcNAQ)-yp-b* and Aha(ChiAc,)-y-b* revealed full
agreement between expected and found masses, as
shown in Figure 1 and Table 1. Interestingly, after
the CCHC reaction, the Aha-y-b* species was no
longer detectable by ESI-MS, indicating virtually
quantitative glycoconjugation. Furthermore, sugar
conjugation caused a small but detectable shift in
SDS-PAGE of the corresponding protein samples
(Figure S2).
Far-UV CD analyses of the native protein, Aha-1-

Aha-y-b* (Xaa1 = Aha) NHAC b*, and related glycoproteins revealed almost super-
NHAG OH imposable spectra (Figure 2A). The unchanged spec-
Aha(ChiAc,)-y-b* R= HO 0 O i .
Co)y HO o HO %, tral shapes strongly suggest identical overall secon-
OH NHAc

Scheme 1. A) Three-dimensional structure (ribbon plot) of pseudo-wild-type barstar (-
b*; Pro28Ala/Cys41Ala/Cys83Ala)?" with marked N and C termini. The overall protein
structure of y-b* consists of a fafy motif which is characteristic for some nucleic acid
binding proteins. 1-b* contains a single N-terminal Met, which was replaced with azido-
homoalanine (Aha) by the auxotrophy-based residue-specific method to give Aha-y-b*.
The second and third sequence positions are occupied by bulky Lys residues, which pro-
tect the N-terminal amino acid from cotranslational cleavage. B) CCHC reactions between
azide-containing Aha-\y-b* and propargyl glycosides 1 and 2 resulted in the formation of
triazole-linked glycoproteins Aha(GIcNAc)-y-b* and Aha(ChiAc,)-y-b*, respectively.

nal glycoconjugation was expected to deliver a novel function-
al feature such as the ability to bind lectins. In the process, its
original function (that is, ribonuclease inhibition) should be
retained.

For successful Met—Aha replacement in recombinant -b¥,
Escherichia coli B834(DE3) host cells were grown in new mini-
mal medium (NMM) with Met (0.025 mm) as natural substrate
until its exhaustion, followed by simultaneous addition of Aha
and target gene induction with isopropyl-p-p-thiogalacto-
pyranoside (Supporting Information). Under these conditions,
azide-labeled protein Aha-y-b* (Scheme 1A) was expressed in
yields of about 50%. From one liter of culture we purified
5 mg, in comparison with 10 mgL™" for \-b*. Electrospray ioni-
zation mass-spectrometric analysis (ESI-MS) of 1-b* and Aha-
V-b* clearly revealed a high level of replacement (ca. 90-95 %),
with small amounts of the parent protein as contaminant (Fig-
ure S1).

For N-terminal modification of the protein variant Aha--b*
by CCHC reactions, the unprotected propargyl glycosides of N-
acetylglucosamine (GIctNAcB-O-CH,-CCH, 1) and N,N'-diacetyl-
chitobiose (GIctNAcf(1,4)-GIcNAcp-O-CH,-CCH, 2) were selected
(Scheme 1B). N,N’-Diacetylchitobiose (ChiAc,) represents the
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dary structures, at least within the limits of this spec-
troscopic technique. Small variations in CD intensi-
ties between y-b* and Aha--b* are most probably
due to minor differences in sample concentrations,
whereas the dichroic intensity increase around
220 nm in the glycoconjugated variants suggests an
increase in ordered structure.

On the other hand, replacement of the N-terminal
Met of y-b* with Aha and subsequent glycoconjuga-
tion leads to slightly less stable proteins in terms of
T, values that are lowered by 2-4°C as revealed in thermal
unfolding experiments (Table 1, (Figure S3). Interestingly, the
chemical exchange from thioether (Met) to azide (Aha) at the

Intensity / cps Intensity / cps

107094 [3000
2000 10506.4
Aha(GIcNAC)-y-b*  Aha(ChiAc,)-y-b*
1000
1000
500 y-b* y-b*
10251.3 102l52-2
] JL , . I . JL
10000 ~ 10400 10800 10200 1060 11000

Molecular mass / Da

Figure 1. Deconvoluted ESI mass spectra after modification of Aha-y-b*
with 1 and 2, respectively. The smaller peaks in both spectra correspond to
the mass of parent y-b* (see Table 1 for details). The absence of Aha-y-b*
in the spectra confirms virtually quantitative glycoconjugation at the protein
N terminus.
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Table 1. Analytic parameters of \-b*, Aha-y-b*, and their glycoconjugat-

ed variants.

Protein Mass [Da] T Amax
expected found ey [nm]®!

y-b* 10252.5 10252.3 67.89 345

Aha-y-b* 10247.4 10247.3 65.87 333

Aha(GIcNAC)-y-b* 10506.7 10506.4 64.17 333

Aha(ChiAc,)-y-b* 10709.9 10709.4 63.86 333

[a] The T, value is the midpoint of denaturation (melting temperature).
[b] Amax is the fluorescence emission maximum determined by protein
sample excitation at 280 nm (slit 5.0 nm).
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Figure 2. Effect of glycoconjugation on barstar secondary (A) and tertiary (B)
structure upon introduction of Aha and subsequent conjugation with N,N'-
diacetylchitobiose (ChiAc,) through CCHC reactions. Changes in secondary
structure were monitored by UV and CD spectroscopy in the 200-250 nm
range. Fluorescence emission spectra were recorded in the 300-450 nm
range with excitation at 280 nm (Table 1). Both the fluorescence and the CD
spectra of Aha(GIcNAc)-y-b* are almost identical to those of Aha(ChiAc,)-1-
b* (Supporting Information).

N terminus generates an increase of about 20% in the curve
steepness. Subsequent carbohydrate attachment through
CCHC does not affect this value significantly. Evidently, both
Aha incorporation and sugar conjugation are responsible for
the higher cooperativity of the unfolding processes. We have
previously already observed that isosteric replacement of Met
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in proteins with related analogues is accompanied by rather
large differences in van't Hoff enthalpies, despite the moderate
shifts in the T,, values.®™ The effects detected by CD spectros-
copy, such as increased a-helical content and folding coopera-
tivity of the protein, upon Aha incorporation and glycoconju-
gation are fully confirmed by fluorescence measurements. As
shown in Figure 2B, the fluorescence emission maxima of the
Aha-y-b* and Aha(ChiAc,)-b* are blue-shifted by 12 nm (cf.
Table 1), supporting a more stable tertiary structure. These
blue spectral shifts are obviously associated with strong influ-
ences of the azido side chain or triazole ring of the attached
sugars on the local environment of the barstar N terminus.
The carbohydrate-modified barstar variants inhibit the RNase
activity of barnase in standard inhibition assays on RNA diges-
tion,®¥ as does the parent variant. To demonstrate that WGA
specifically binds to glycosylated barstar mutants, surface plas-
mon resonance (SPR) studies were performed. Aha-y-b*, Aha-
(GIcNAc)-p-b*, and Aha(ChiAc,)-y-b* were immobilized on a
CM5 sensor chip activated with carbodiimide/N-hydroxysucci-
nimide (NHS). The steady-state binding of WGA to the chip
surface at different WGA concentrations is shown in Figure 3.

1600 -

1400 -
1200 4
2
T ® Ahayb*
3 1000 - O Aha(GleNAC)-y-b*
g v Aha(ChiAc)-y-b*
S 800 |
o
2 600
&
[0}
o 400
200 1
0 -

T T T T d
200 400 600 800 1000

o

WGA concentration / nm

Figure 3. Equilibrium responses from SPR experiments with immobilized bar-
star variants as a function of WGA concentration. Experimental data were
fitted by use of the steady-state binding model to obtain K, values. While
WGA shows no binding to Aha-1y-b*, it binds to Aha(GIcNAc)-y-b* with K=
517+78 nm and to Aha(ChiAc,)-b* with Ky=64+6 nm.

While WGA does not bind to Aha-y-b*, it shows high affinity
towards Aha(GIcNAc)--b* (Ky=517 £78 nm) and even higher
affinity towards Aha(ChiAc,)-y-b* (K;=64+6 nm). The Kj
values are in good agreement with those determined for im-
mobilized GIcNAc derivatives under comparable conditions.?
These results indicate that our approach allows engineering of
new lectin affinities whereas the natural activity of barstar is
conserved.

In summary, we have presented a strategy for N-terminal la-
beling of proteins making use of the N-end rules. Bulky amino
acids such as Lys at positions two and three in barstar protect
not only N-terminal Met but also the noncanonical amino acid
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Aha from being excised. This offers the potential for N-terminal
labeling of proteins by simple engineering of a bulky amino
acid at position two even if the protein usually does not con-
tain any Met. The method gives higher production yields than
existing approaches for N-terminal labeling based on in vitro
translation with pre-charged initiator tRNAs. Since the residue-
specific incorporation method used here is statistical, all Met
residues in a protein sequence are substituted by the analogue
during the replacement. This problem, however, can be easily
circumvented by use of site-directed mutagenesis, because
Met is generally very rare (only about 1.5% in all known pro-
tein sequences).*® We were able to demonstrate that different
propargyl glycosides can be ligated to the azide-containing
barstar mutant Aha-y-b* through CCHC reactions in almost
quantitative yields, giving access to stable and active homoge-
neous glycoforms. Carbohydrate epitopes incorporated by this
strategy can serve as recognition motifs for lectins, as was
shown by SPR experiments. Important applications of attached
carbohydrate labels include protein purification by lectin affini-
ty chromatography and lectin-directed cell-type-specific pro-
tein targeting.

Experimental Section

CCHC reactions: A typical reaction mixture consisted of Aha-\y-b*
(400 L, 0.24 mm [25mgmL~"] in 50 mm Tris-HCl pH 8, final con-
centration: 1 mgmL™"), Tris-HCl pH 8 (100 pL, 1m), CuSO, (50 pL,
50 mm in H,0), L-ascorbic acid (50 pL, 50 mm in H,0), H,O (300 pL),
and an aqueous solution of the propargyl glycoside (100 pL,
40 mm). The reaction mixture was shaken for 24 h at 4°C. As a
negative control, Aha-y-b* was incubated under the same condi-
tions but without CuSO,/L-ascorbic acid. Afterwards all samples
were dialyzed three times against PBS at 4°C. The reaction yield
was ~80% (1 mL of 0.8 mgmL™" of glycoconjugated protein).

SPR experiments: SPR measurements were carried out on a Bia-
core T100 instrument (Biacore, Uppsala, Sweden) with use of CM5
sensor chips and PBS as running buffer. Barstar samples were dis-
solved in acetate buffer pH 4.0 (10 mm, 50 ugmL™") and immobi-
lized by amide coupling to carboxyl groups in the chips’ matrix,
activated with N-ethyl-N'-dimethylaminopropylcarbodiimide hydro-
chloride/NHS by the standard procedure recommended by Biacore.
The reference flow cell was not treated.

To determine WGA binding, solutions of WGA in running buffer of
different concentrations (0.92-940 nm) were injected consecutively
at 30 uLmin~' over the active surface. After each WGA injection,
the surface was regenerated by two injections of GIctNAc (0.5m,
15's, 30 uLmin~"). The signal of the reference flow cell was sub-
tracted. Sensorgrams were analyzed by use of the steady-state
affinity program of the Biacore T100 Evaluation Software.
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Light-Regulated RNA-Small Molecule Interactions

Douglas D. Young and Alexander Deiters*®

The development of light-regulated processes represents a
noninvasive means to exert a high level of spatial and tempo-
ral control over a chemical or biological system. The ability to
light regulate the activity of biologically relevant molecules by
the installation of photolabile protecting groups that are re-
moved upon irradiation with ultraviolet light has been demon-
strated numerous times in this context. Examples of this ap-
proach include the regulation of gene expression,”? protein
production,”! protein function,” as well as antisense,”™ DNA,®
and RNA function.”” Other caged biologically relevant small
molecules include ATP, Ca’", theophylline, and fatty acids.”!
However, the decaging process only allows for the irreversible
activation or deactivation of the system under study, thus limit-
ing the scope of its utility.

Many important processes, for example, information storage,
signal transduction, signal processing, and gene expression all
need to be regulated in a reversible fashion. An important ex-
ample is the regulation of hox genes, which have been found
to be turned on, off, and on again in model organisms during
development.” The reversible regulation of these genes facili-
tates proliferation, differentiation, and morphogenesis of bone
tissue and other tissue involved in digitation. Possessing a
means of externally regulating these (or similar) events with
Nature’s precision has the potential to aid in the understand-
ing of fundamental developmental processes.”

Obviously, Nature has evolved her own highly sophisticated
mechanism to reversibly sense light using the photochemical
cis—trans isomerization of retinal. This configurational change
is detected by opsin proteins, which then trigger a signal
transduction cascade."” Synthetic molecules that are isomeriz-
able in a reversible fashion under light irradiation of different
wavelengths have also been developed, including diazoben-
zenes, dihydropyrenes, spirooxazines, anthracenes, fulgides,
and spiropyrans."®'? These molecules have been used in the
investigation of transport channels, CAP binding affinity,
papain activity, DNAzyme cleavage, and various other applica-
tions."™® However, no synthetic reversible photochemical ge-
netic switch has been demonstrated to date. We envisioned
the design of such a switch by mimicking Nature, substituting
the small molecule-protein interaction with a small molecule-
RNA interaction. Here, we report the first step towards the
goal of assembling a reversible, light-switchable gene control
element at the RNA level by developing a light-switchable
small-molecule-RNA aptamer pair." A spiropyran (1) has been
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selected as the light-responsive molecule since it displays
unique chemical properties."” Spiropyrans are both light and
pH sensitive, exhibit distinctive chromophores in different
forms (colorless, purple, and yellow) enabling a visual detec-
tion of the switching event (Scheme 1), and undergo rapid iso-

H,C. CH

(N0 Yo,

R
1
365 nm acid
>490 nm >490 nm
orA
acid

T e
e
base

Scheme 1. Spiropyran 1 (colorless) and its merocyanine forms 2a (purple)
and 2b (yellow).

merization between the spiropyran (1) and the merocyanine
form (2a and 2b) upon irradiation with UV light (or pH
changes).'*™ These molecules have been extensively em-
ployed in the construction of nanoscale switches and photoi-
somerizable polymers for materials applications."®'” As the
second component of the switch, an RNA oligonucleotide has
been found to adopt sequence specific tertiary structures ca-
pable of binding small molecules. These oligonucleotides are
known as RNA aptamers."® By using the SELEX (systematic
evolution of ligands by exponential enrichment) process, RNA
aptamers have been engineered to selectively bind to a variety
of different small molecules.™

We applied this in vitro selection process in the evolution of
an RNA aptamer capable of selectively recognizing only one
photochemical isomer of a spiropyran molecule. The spiro-
pyran 1 (R=(CH,),0,C(CH,),NH,) was immobilized on a sephar-
ose resin, and subjected to ten rounds of affinity selection
(Scheme 2). The selection was designed to employ the photoi-
somerization as part of the partitioning process.

A 32P-labeled RNA library was incubated with resin carrying
the spiropyran in its closed form 1, and nonbinding members
were removed through subsequent washing of the resin. The
resin was then subjected to irradiation with UV light at 365 nm
for 1 h (25 W, hand-held UV lamp), resulting in a visible isomer-
ization to the purple merocyanine 2a (such prolonged irradia-
tion is not necessary with the nonimmobilized spiropyran as
complete switching is observed within 2 min). The RNA aptam-
ers that selectively bind only the closed isomer 1 dissociate
from the resin and are collected, whereas nonspecific binders
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Scheme 2. Photochemical in vitro selection. An RNA library is incubated with
a resin containing the spiropyran 1 (square). RNA aptamers incapable of
binding are washed away and the resin is switched to the merocyanine
form 2a (circle) with UV light of 365 nm. RNAs which are nonspecifically
bound, or recognize both isomers are retained, whereas specific binders are
eluted and collected. This enriched pool of RNA aptamers is then reverse
transcribed, PCR amplified, and transcribed back to RNA to continue the
cycle. The selection cycle was performed ten times until significant enrich-
ment of the RNA pool was detected.

remain bound to the resin and are discarded. This feature of
the selection obviates the need for the negative selection step
traditionally required in in vitro evolution strategies. The col-
lected aptamers were then reverse transcribed, amplified by
PCR, and transcribed into RNA again to be taken through an-
other round of selection. After ten rounds, an enrichment of
~13% of sequences carried through the selection was noted
(as detected by radioactive quantitation by liquid scintillation
counting), and the resulting aptamer pool was cloned and se-
quenced (see the Supporting Information). Sequencing results
revealed five aptamer families with a certain degree of se-
quence homology, thus suggesting convergence of the selec-
tion. Several RNA aptamers were analyzed for their binding af-
finity and selectivity for the desired spiropyran isomer 1. Initial
titration experiments were performed to assess the binding of
individual sequences to the spiropyran. Whereas several of the
isolated aptamers exhibited micromolar binding to the resin,
to our surprise very few exhibited preferential binding to 1
over 2a (Supporting Information). Radioactively labeled RNA
aptamers were incubated with resin carrying 1, which was
then washed until no radioactivity was detected in the eluent.
The resin was then suspended in binding buffer, and, after 1 h,
the amount of RNA aptamer present in solution was deter-
mined on a scintillation counter. The suspended resin was then
switched to 2a by irradiation at 365 nm (25 W, hand-held UV
lamp), and after 1 h the solution was assayed for radioactivity.
A randomly selected control sequence (CNTL) was determined
to have no binding to either the spiropryan (in any form) or
the sepharose resin, thus showing comparable levels of RNA
present before and after irradiation. The other aptamers (SP3,
SP4, SP5, and SP18) were found to bind immobilized 1. Of all
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the aptamers assayed, SP3 exhibited binding with the highest
level of selectivity, as a significant portion of the RNA was re-
leased from the resin into solution upon switching from 1 to
2a. SP5 was capable of binding both photochemical states, 1
and 2a, of the spiropyran, but did not exhibit specificity. SP4
and SP18 exhibited some specificity for 1, however it was mini-
mal compared to SP3.

These experiments indicate that the SP3 aptamer (5-GGA-
UUAACUCCUAUCCGAUUUGAAGCAGUACCCUAUUCCA-3) is a
selective binder for the closed spiropyran form 1 and does not
bind to the merocyanine form 2a, as indicated by a marked
14-fold increase of radioactivity after resin switching (Figure 1).
As SP3 demonstrated the best selectivity, its binding constant
was determined to be 19 um by both radioactive titration
assays and equilibrium dialysis. We are aware that 1 is present
as a racemate; this results in a binding constant of 10 pm in
the case of enantioselective aptamer recognition.*”

1

SP3 P I

SP4

SP5

Aptamer

SP18

CNTL

T d

0 5 10 15 20
RNA/ pmol —»

Figure 1. Specificity assay for isolated aptamers. Isotopically labeled RNA
was incubated with the spiropyran resin 1, then washed, resuspended in
fresh buffer, and radioactivity in the supernatant was quantitated (dark
bars), the resin was then switched to 2a through irradiation at 365 nm, and
the supernatant was quantitated again (light bars). The RNA aptamer SP3
demonstrated the greatest specificity for spiropyran 1 over the merocyanine
2a. RNA =aptamer concentration.

Following the identification of an aptamer sequence, the re-
versibility of the developed photochemical switch was demon-
strated by surface plasmon resonance (SPR) studies. The spiro-
pyran molecule 1 was modified with a poly(ethylene glycol)
spacer and a thiol group (R=(CH,),NHCO(CH,),(OCH,)s-
CH,),SH, Supporting Information) and immobilized on a gold
slide along with a mercaptohexanol control. The surface was
then incubated with the SP3 aptamer (90 um); this resulted in
an increase of the SPR signal (the mercaptohexanol control did
not display any signal change; data not shown). Subsequent ir-
radiation with UV light of 365 nm for 10 min by using fiberop-
tics connected to a UV LED system (Prizmatix BLCC-02) led to a
decrease in the SPR signal indicating a dissociation of the apta-
mer from the surface. This correlates to the isomerization
event as the spiropyran is switched from closed form 1 to the
open form 2a. After irradiation, the spiropyran moiety thermal-
ly reverts back to the closed form 1 in a gradual process, and
rebinding of the aptamer is observed (Figure 2). This process
was then repeated with a second 20 min irradiation event.
Thermal, instead of photochemical switching of 2a to 1 was

ChemBioChem 2008, 9, 1225-1228
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Figure 2. Surface plasmon resonance experiment demonstrating the reversi-
bility of the light-regulated SP3 aptamer binding. The spiropyran 1 was im-

mobilized on a gold surface, incubated with the SP3 aptamer, and irradiated
at 365 nm. SPR=change in percent reflectivity.

conducted because of an interference of white light irradiation
and the SPR camera.

In summary, the engineered RNA aptamer SP3 is specific for
one geometrical state of the spiropyran 1, and the binding
event can be reversibly switched by using light irradiation,
thus representing a unique tool in the development of biologi-
cal switches. Over the course of our studies, two other photo-
switchable molecule-aptamer pairs from a diazobenzene®"
and a dihydropyrene® have been reported, and effectively
complement our switch. The advantages of spiropyran 1 over
other reversible systems lie in its photochemical switching
being virtually complete (>95% of 2a after UV irradiation at
365 nm) because of the distinctively different absorption
maxima of 1 (350 nm) and 2a (563 nm),”® unlike diazoben-
zenes, which reach a photostationary state of 70-90% cis
when exposed to UV light of 365 nm.”¥ The developed light-
switchable small-molecule-aptamer pair has the potential to
be developed into a photochemical riboswitch that can then
be used to spatially and temporally regulate gene function in a
reversible fashion. This switch also has potential in materials
applications, including nanodevices and data-processing cir-
cuits and storage devices.!"”*!

Experimental Section

SPR Protocol: The spiropyran 1 (1 um, 3x 1.5 ul) and a mercapto-
hexanol control (1 um, 3x 1.5 pl) were incubated on a gold surface
(SPRchip; GWC Technologies) for 2 h to afford efficient immobiliza-
tion. The surface was then washed with water (3x1 mL), and
placed into the SPR imager (SPRimager ll, GWC Technologies). The
RNA aptamer was transcribed, purified, resuspended in binding
buffer, and quantitated on a nanodrop spectrophotometer. Apta-
mer solution (ca. 100 pL, 30-96 um) was injected into the SPR
chamber and allowed to bind to the immobilized aptamer for
30 min. After binding had been detected, the gold slide was irradi-
ated with UV light of 365 nm for approximately 10 min, dissocia-
tion and adsorption were monitored in real time, and the switch-
ing was repeated to demonstrate the reversibility of the aptamer
binding.
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Identification of Trinucleotide Repeat Ligands with a FRET

Melting Assay

Samir Amrane,”® Anne De Cian, Frédéric Rosu,™ Markus Kaiser, Edwin De Pauw,® Marie-
Paule Teulade-Fichou,"” and Jean-Louis Mergny*®!

DNA hairpin structures formed within a repeated tract might be
a causative factor for triplet expansion observed in several debili-
tating diseases. We have designed and used a fluorescence reso-
nance energy transfer (FRET) melting assay to screen for ligands
that bind specifically to the CNG triplet repeats. Using this assay,

Introduction

Recent molecular genetic studies have revealed a correlation
between spontaneous expansion of DNA trinucleotide repeats
and several debilitating diseases such as myotonic dystrophy.
First characterized in Fragile-X syndrome' (for a review see
ref. [2]), these neurodegenerative disorders fall into a new cate-
gory of genetic diseases named TREDs, for trinucleotide repeat
expansion diseases. The number of repeats often increases
during parent-to-offspring gene transmission as a result of
germline expansion. DNA secondary structures formed within
the repeated tract could be a causative factor for triplet expan-
sion;®* these repeat regions might interfere with replication,
transcription, or repair events. (CNG), trinucleotide repeats
(with N=A, T, G, or C), where n is less than twelve, fold into
simple hairpin structures involving T-T, A-A, C-C, or G-G mis-
matches sandwiched between two Watson-Crick G-C base-
pairs. DNA molecules with more than twelve trinucleotide
repeats can fold into unusually long hairpins called broken
hairpins.”®

As the length of the repeated array is a crucial feature in the
onset of disease and the progression of symptoms, suppres-
sion of somatic expansion could be therapeutically beneficial.
Different research teams have recently tried to trigger triplet-
repeat contractions by using chemotherapeutical approaches.
Hashem et al. treated lymphoblastic cells from mytonic dystro-
phy patients with therapeutic concentrations of DNA-damag-
ing agents.”! After treatment, they observed significant reduc-
tions of CTG repeat length, by 150-300 CTG/CAG repeats. In
an equivalent study, Gomes-Pereira et al. treated Dmt-D kidney
mouse cells with another set of genotoxic agents composed of
ethidium bromide, cytosine arabidoside, and 5-azacytidine.
They also observed a contraction of the CTG repeated sequen-
ces of 30 to 75%, and in some cases an almost normal
number of repeats was restored.®! These studies used indirect
approaches with genotoxic agents, which cause lesions all
over the genome; thus, the observed contractions might have
arisen from reparation events of the lesions, which affected
the repeated tract or their vicinity, and could have involved dif-
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we screened a panel of 33 chemicals that were previously
designed to bind DNA or RNA secondary structures. Remarkably,
we found that macrocyclic compounds, such as acridine dimers
and trimers, exhibit interesting affinities and specificities for this
motif.

ferent steps of the reparation process (excision or reversion). In
Friedreich ataxia, another neurodegenerative disease linked to
the expansion of GAA/TTC triplets, the formation of an intra-
molecular triplex within the expanded tract might be involved
in the silencing of the frataxin gene. Hebert and colleagues
have devised a strategy in which a small molecule binds pref-
erentially to the duplex, and prevents formation of the unusual
structure that restores transcription through the GAA repeat.”
Burnett et al. also partially restored the expression of the fra-
taxine gene in a cellular model by using a polyamidic minor
groove binder."” These ligands recognize the GAA/TTC duplex
and could, consequently, impede the formation of the triplex
structure.

No therapeutic approach to prevent or revert repeat expan-
sion is currently available, but as discussed above, in vitro
studies suggest that repeat deletion can be induced by various
chemotherapeutic agents. Such molecules, which cause locus-
specific lesions, could reduce the number of repeats and con-
sequently slow or stop the progression of the disorders." In
the literature, only a few molecules have been reported to in-
teract specifically with CNG trinucleotide repeat sequences.
The spirocycline molecules were initially synthesized to recog-
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nize DNA and RNA loops, and it was reported that these mole-
cules stimulated expansion rather than contraction of the trip-
let repeats in an in vitro DNA replication assay.">'¥ A second
family of molecules was designed to recognize the hydrogen-
bonding motif of the bases with the aim of detecting AA, CC,
and GG mismatches. Some of them—a naphthyridine azaqui-
nolone and a naphthyridine dimer—have been shown to bind
specifically to trinucleotide repeats, but these molecules have
not yet been studied in any in vitro or cellular assay.">'®

The goal of this study was to identify molecules that would
bind specifically to CNG regions of DNA by using a FRET-based
screening method. To this end a panel of 33 chemicals previ-
ously designed to bind DNA or RNA secondary structures was
screened. Among these, macrocyclic compounds, such as acri-
dine dimers and trimers, exhibited remarkable affinity and spe-
cificity for hairpins formed from sequences containing seven or
eight CNG repeats (N=T, A, Q).

Results and Discussion
Principle of the test

The (CTG), DNA oligonucleotide was double-labeled with FAM
and TAMRA, by using a method similar to the one we had de-
veloped for labeling of quadruplex sequences."”"® The (CAG),
and (CCQG); oligonucleotides were labeled with identical tags.
Folding into an intramolecular hairpin at moderate tempera-
tures leads to a juxtaposition of the 5" and 3’ ends of the mole-
cule. The proximity between FAM and TAMRA in turn leads to
FRET and quenching of donor emission (Figure 1).

Melting of the hairpin structure can thus be followed by
fluorescence emission at 516 nm. The double-labeled (CTG),
DNA oligonucleotide had an apparent T, of 55°C, similar to
that of the unmodified oligonucleotide as determined by ab-
sorbance; this indicates that the attachment of the fluoro-
phores did not greatly perturb the stability of the hairpin.”

Screening a panel of compounds

We chose to carry out our test of the double-labeled (CTG), on
an initial panel of 33 different chemicals. Over a hundred com-
pounds were actually tested, but the other molecules gave
few positive results. These molecules were chosen because of:
1) the presence of positive charges, 2) the planar aromatic
character of some chromophores, and 3) known interaction of
some of these molecules (acridine) with DNA. Figure 2A dem-
onstrates that many of these compounds (14 out of 33)
induced significant stabilization (10°C or more) of the (CTG),
motif when tested at 1 pm. Unfortunately, for most com-
pounds, this stabilization was lost or very significantly reduced
in the presence of the unlabeled double-stranded DNA com-
petitor ds26: only two molecules retained a stabilization po-
tency of at least 5°C in the presence of ds26 (Figure 2B). This
loss indicated that many of these compounds exhibited little, if
any, preference for the structure adopted by the trinucleotide
repeats relative to classical B-DNA.
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Figure 1. Fluorescence-based melting assay. The (CTG), sequence was la-
beled with two chromophores (F-(CTG),-T): FAM (gray) at the 5" end and
tetramethylrhodamine (black oval) at the 3" end. Addition of a trinucleotide
ligand (TrisA1, shown at top) led to an increase in melting temperature. Fur-
ther addition of a large excess of a double-stranded competitor (ds26) de-
creased this effect (0). In this example, the reversion is only partial. Fluores-
cence emission was normalized with respect to maximum emission at high
temperature.

Similar experiments performed with (CAG)g and (CCG)g trinu-
cleotide motifs led to qualitatively similar results (Figure 3). Sta-
bilization values (AT:s) obtained for the three oligonucleotides
were relatively similar, although AT:, values were systematical-
ly slightly higher for F-(CCG)s-T (Figure 3A). The stabilization
was then measured in the presence of a moderate amount of
double-stranded DNA (3 um ds26; Figure 3B, right panel). The
preference for CCG repeats is also illustrated by the higher Ts
observed for this repeat in the presence of duplex DNA.

Identification of a lead molecule

Remarkably, one compound, the acridine trimer TrisA1, dis-
played interesting affinity and specificity for (CTG),, as shown
by stabilizations of +17.5°C, +13.8°C, and +12.8°C in the ab-
sence, or in the presence of 3 or 10 um, respectively, of a
double-stranded competitor. In order to confirm that the ob-
served stabilization was not the result of an artifactual interac-
tion with FAM or TAMRA, we performed thermal denaturation
experiments followed by UV-absorbance spectroscopy with un-
labelled strands. These experiments confirmed that TrisA1 and
two other acridine derivatives (BisA1, BisA2) stabilized the hair-
pin structure adopted by unmodified (CTG),; (see Figure S2 in
the Supporting Information). Unfortunately, aggregation of the
complexes prevented us from performing quantitative titration

ChemBioChem 2008, 9, 12291234
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prisingly, this trend is associated
B) with an 8°C decrease in stabili-
zation. From these observations,
we may conclude that speci-
ficity is significantly improved
when the number and the sur-
face of the polycyclic aromatic
units are increased. This gain in
specificity, however, involves a
loss in stabilization, which in
the case of TrisA1 is compensat-
ed for by the unspecific electro-
static interactions between the
positive charges harbored by
the linkers and the negatively
charged phosphate backbone.
TrisA1 contains three acridine

T
0 5 10 15

stabilization / °C >

Figure 2. Results obtained with different compounds. Each molecule was tested at 1 um. Full names, formulas,
and/or references are provided in the Supporting Information. Stabilization of the hairpin conformation of the
(CTG), oligonucleotide (0.2 um) is indicated in °C either A) in the absence or B) in the presence of the double-

stranded competitor ds26 (10 um); insert: chemical structure of TrisA1.

experiments by UV spectroscopy. Likewise, significant adsorp-
tion on the dialysis membranes also hampered the use of com-
petitive dialysis experiments."? However, electrospray ioniza-
tion mass spectrometry (ESI-MS) confirmed that BisA1 and
BisA2 interacted with (CAG)g, (CTG),, (CCG)g, and (CGG), repeats
in a predominantly 1:1 binding mode (Figure S3).

To understand the structure-activity relationships of the se-
lective interaction of TrisA1 with the CTG trinucleotide repeat
motif, we compared the binding characteristics (stabilization
and selectivity) of other acridine derivatives with the same
motif (Figure 4).

In the acyclic series, on comparing the monomeric acridine
(MonoA) with its dimeric (BisA2) and trimeric (TrisA2) counter-
parts, we detected improvements in both stabilization and

ChemBioChem 2008, 9, 1229 - 1234
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moieties linked by diethylenetri-
amine polycationic linkers; the
lengths of these linkers space
out each acridine unit by a dis-
tance of 0.7 nm. TrisA1 belongs
to a class of macrocycles that
were initially synthesized to
trap free nucleotides in solu-
tion® and were subsequently
shown to insert at thermodynamically weakened sites, such as
abasic sites and mismatches, in duplex DNA.?"?? We calculated
one of the conformations that TrisA1 might adopt (Figure
S4B).

This conformation is rather open and shows the central acri-
dine protruding from the cavity; it might thus be able to sand-
wich two base pairs by intercalating within a double helix as
hypothesized with the model represented in Figure S4A. Al-
though intercalation at contiguous sites in DNA is forbidden
by the nearest-neighbor exclusion principle,?® this mode of
interaction is obviously sensitive to the quality of base-pair
stacking. Hence, the specificity of TrisA1 for the CNG motif is
likely to be linked to the lower stability of the NN mismatch,
which allows an easier insertion than the classical base-pair
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pounds were derived from well
known DNA binder scaffolds,
such as the acridine system.
These intercalators generally
have relatively strong affinities
for duplex DNA, which are well
documented in the literature
(see, for example, refs. [24-26]).
This might explain the relatively
disappointing selectivity found
for most compounds. The acri-
dine derivative TrisA1 was an in-
teresting exception. It should
be noted that most of the se-

T — - T

B
0 5 10 15 20 25 0 5

stabilization/°C =~ ———>

Figure 3. Stabilization of F-(CCG)s-T (black), F-(CAG)s-T (hatched), and F-(CTG),-T (gray) repeats by different
compounds either A) in the absence, or B) in the presence of ds26 (3 um double-stranded competitor).

100 -
80 o TrisA1
X 60 A TrisA2
} [
= ] BOQ1
S 40 Bls/-*% ° o
5] MC6
% BisA1
2 201 o Y o GNl®
MonoA
P M : L MLs e )
0 5 10 15 20 25

stabilization / °C

Figure 4. lllustration of the stabilization of the F-(CTG),-T oligonucleotide vs.
selectivity for a selection of compounds. The stabilization induced by each
ligand (1 um) is plotted on the x axis, and the y axis shows the percentage
of stabilization maintained in the presence of ds26 (10 pum). The most desira-
ble compounds are those in the upper right-hand corner (high stabilization
and high selectivity).

stacking involved in Watson-Crick B-DNA. Finally TrisA1 is a
highly cationic compound (4-5" at pH 7.4), and its binding ob-
viously involves strong electrostatic interactions. Although in-
teractions between the positively charged amine groups and
the negatively charged backbone of the DNA structure are
known to induce unspecific binding and are likely to be re-
sponsible for the observed aggregation/precipitation of the
complex, the molecule, nevertheless, retains a high specificity
for the folded TNR-containing structure.

Conclusions

In conclusion, we have demonstrated that a FRET-based melt-
ing assay is applicable for the identification of specific tri-
nucleotide repeat-binding ligands. While it was relatively easy
to find ligands that bound to trinucleotide repeats with high
affinities, most compounds exhibited limited specificity for the
CNG repeat structure relative to duplex DNA. Many com-
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lected derivatives have macro-
cyclic or macrobicyclic scaffolds,
which might be key features for
limiting  bisintercalation into
regular B-DNA, and thus for
favoring trinucleotide hairpin
binding. Our preliminary results
suggest that the acridine derivatives might also recognize RNA
trinucleotide repeats® (Figure S5), and could offer a potential
strategy for blocking the translation of these mRNAs into toxic
polypeptides. It will be interesting in the near future to com-
pare the effect of this class of ligands with molecules that
prefer the duplex B-DNA form over alternate structural forms.
This strategy is of special interest in the case of the triplex-
prone GAA/CTT repeats found in Friedreich ataxia (reviewed in
ref. [28]).

Experimental Section

Oligonucleotides and compounds: All oligonucleotides and their
fluorescent conjugates were purchased from Eurogentec (Belgium)
and were dissolved in double distilled water (at a concentration of
about 300 um), stored at —20°C, and used without further purifica-
tion. Concentrations were determined by UV absorption from ex-
tinction coefficients determined according to the nearest-neighbor
model.””

The synthesis of neomycin-capped macrocycles (MC2, MC4, MC5,
MC6),2% aminoglycoside monomers and dimers (PD1-3, PM1,3,
KD1, KM1, TM1, TD1),®" metaquinacridines (MMQ13-MMQ17),5>3
and trisacridine (TrisA1)®% were described previously. Compounds
TrisA2, BisA2, and DMA2-4 were synthesized by reductive amina-
tion of acridine-7-carbaldehyde with the corresponding diamine by
using standard procedures.®” The resulting neutral aminated
dimers were then dissolved in HCl (1N), followed by subsequent
precipitation with ethanol and filtration to yield the final salts.

TrisA2: Brown crystals; 'HNMR (D,0, DCl): §=2.95 (t, J=6 Hz),
3.34 (t, J=6Hz), 4.35 (s, 6H), 7.52 (t, J=7.5Hz, 3H), 7.67 (d, J=
9Hz, 3H), 7.83 (t, J/=7.5Hz 3H), 7.86 (d, J=7.5Hz, 3H), 7.87 (d,
J=7.5Hz, 3H), 7.95 (d, /=9 Hz, 3H), 8.05 (s, 3H), 8.97 ppm (s, 3H);
3C NMR (D,0, DCl): 6 =45.5 (CH,), 49.9 (CH,), 50.8 (CH,), 119.0 (CH),
120.4 (CH), 124.9 (C,), 125.5 (C,), 128.9 (CH), 129.6 (CH), 131.0 (C,),
131.8 (CH), 138.7 (2C, CH+C,), 138.9 (CH), 139.1 (C,), 148.6 ppm
(CH); elemental analysis calcd (%) for C,gHs,N,Cls-8.3H,0: C 52.97,
H 6.22, N 9.01; found: C 52.92, H 5.63, N 8.90.
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BisA2: Yellow amorphous powder; 'H NMR (CD;0D): 6 =3.54-3.66
(m, 8H), 4.66 (s, 4H), 7.89-7.93 (m, 1H), 8.28-8.36 (m, 4H), 8.42 (d,
J=86Hz, 1H), 864 (s, TH), 9.81 ppm (s, 1H); *CNMR (CD,0D):
0=45.6 (CH,), 45.9 (CH,), 52.3 (CH,), 121.8 (CH), 123.1 (CH), 127.3
(Cg), 128.2 (Cy), 130.0 (CH), 131.6 (CH), 132.3 (C,), 133.3 (CH), 139.2
(CH), 139.7 (CH), 142.1 (C), 142.8 (Cy), 150.1 ppm (CH); UV/Vis
(buffer, pH 6): Ama (6, cm™'m ) =252 (204200), 357 nm (15900);
MS (ESIT) m/z 486 [M+H]"; elemental analysis calcd (%) for
Cy,H3Ne-5HCI-3.3H,0: C 52.84, H 590, N 9.63; found: C 52.88,
H 5.68, N 9.81.

DMA-2: '"HNMR (D,O, DCl): 6=1.45 (s, 6H), 1.98-2.05 (d, 4H),
2.95-3.08 (t, 4H), 3.50-3.62 (m, 14H), 4.52 (s, 4H), 7.80-7.88 (m,
2H), 8.12-8.40 (m, 10H), 8.47 (s, 2H), 9.72 ppm (s, 2H); *C NMR
(D,0O, DCl): 6=26.6 (CH,), 37.0 (CH), 41.9 (CH,), 51.3 (CH,), 52.1
(CH,), 54.1 (CH,), 119.5 (CH), 121.0 (CH), 125.9 (C,), 126.9 (C,), 128.9
(CH), 1304 (2 C, CH+C,), 132.2 (CH), 138.2 (CH), 139.1 (CH), 139.6
(Cy) 1404 (C,), 150.2 ppm (CH); UV/Vis (buffer, pH6): A (&
cm™' M) =252 (204400), 357 nm (18000); MS (ESIT): m/z 637.9
[M+H]"; elemental analysis calcd (%) for C,,H,Ng-6 HCI-2.9H,0: C
55.56, H 6.64, N 9.26; found: C 55.53, H 6.53, N 9.34.

DMA-3: '"HNMR (D,0, DCl): 6=2.05-2.10 (m, 4H), 2.94-3.02 (t,
4H), 3.25 (s, 14H), 4.50 (s, 4H), 7.82-7.90 (m, 2H), 8.18-8.42 (m,
10H), 8.50 (s, 2H), 9.80 ppm (s, 2H); *C NMR: 6=21.2 (CH,), 44.7
(CH,), 49.3 (CH,), 50.9 (CH,), 53.9 (CH,), 119.5 (CH), 120.9 (CH), 125.8
(Cy), 126.8 (Cy), 128.9 (CH), 130.4 (CH), 130.7 (Cy), 132.1 (CH), 138.3
(CH), 139.1 (CH), 139.6 (Cy), 140.3 (Cy), 150.1 ppm (CH); UV/Vis
(buffer, pH 6): Ama (6, cm™ "M )=251 (222100), 357 nm (17200);
MS (ESIT): m/z 583.8 [M+H]"; elemental analysis calcd (%) for
C3gH4Ng:6 HCI-5.6 H,0: C 50.58, H 6.61, N 9.31; found: C 50.34, H
6.29, N 9.49.

DMA-4: This compound was not isolated in a pure state but only
as a mixture with a monoacridine derivative. MS (ESI*): m/z 665.7
[M+H]*

All compounds (1-10 mm) were dissolved in DMSO or double dis-
tilled water. Stock solutions were stored at —20°C. Further dilu-
tions were made in double distilled water. The formulas of all the
studied compounds are shown in Table S1.

Absorbance (UV) melting experiments: The thermal stability of
the unlabeled oligonucleotide either alone or in complexation with
a ligand was estimated by heating/cooling experiments. UV ab-
sorbance was recorded as a function of temperature in a quartz
cuvette (1 cm pathlength) at several wavelengths by using Kontron
Uvikon 940 spectrophotometer thermostated with an external
ThermoNeslab RTE111. The temperature of the bath was typically
increased or decreased at a rate of 0.2°Cmin~". Evaporation at
high temperatures was reduced by use of a layer of mineral oil,
and condensation at low temperatures was minimized with the aid
of a dry air flow in the sample compartment. All experiments were
carried out in sodium cacodylate buffer (10 mm, pH 7.0) containing
KCl (30 mm). UV absorbance denaturation profiles of (CTG)g (3 um)
alone or in the presence of ligands (15 um) were recorded at 230
or 275 nm. These wavelengths, at which the variation of the ab-
sorbance of the ligands as a function of temperature is negligible,
were carefully chosen by using the thermal differential spectrum
approach.

Electrospray mass spectrometry (ESI-MS) experiments: The ex-
periments were performed with a QTOF Ultima Global electrospray
mass spectrometer (Micromass, now Waters, Manchester, UK). The
electrospray capillary voltage was set to —2.2 kV and the cone volt-
age to 35V. The RF lens 1 voltage was set to 33 V. Argon pressure
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inside the collision hexapole (3.0x 10> mbar) and the source pres-
sure (2.70 mbar) were kept constant (£5%). Source block and de-
solvation temperatures were set to 70 and 100 °C, respectively. Un-
labeled (CNG); sequences (5 um) were incubated in the presence
of ligand (10 pm) in ammonium acetate (60 mm, pH 7) over 15 min
at room temperature. Methanol (15%) was added just before injec-
tion. The ESI-MS experiment with TrisA1 could not be performed,
due to low solubility and/or high aggregation of the drug-DNA
complex.

Fluorescence: FRET melting experiments were carried out as de-
scribed previously"”'® with double-labeled DNA trinucleotide re-
peats of the general formula *FAM-(CNG), ¢-TAMRA®, where N=A,
C, or T. The melting temperatures of (CGG), and (CGG), oligonucle-
otides were too high for monitoring ligand-induced stabilization.”
Seven repeats of the CTG motif were tested, in comparison with
eight for CAG, CUG, and CCG. However, no significant difference in
melting temperature was found between (CTG), and (CTG),;® this
explains why we were able to compare the results obtained with a
slightly different length. The FAM emission at 516 nm (excitation at
492 nm) of double-labeled sequences (FAM and TAMRA at 5 and
3’ ends, respectively) in the absence and presence of a single com-
pound was recorded as a function of temperature with a Strata-
gene Mx3000P thermal block (La Jolla, CA, USA) in 96-well micro-
plates. To investigate the trinucleotide vs. duplex selectivity of
each compound, a 26-base self-complementary competitor was
added (ds26: °dCAATCGGATCGAATTCGATCCGATTG?)."™ The tem-
perature was varied from 25°C to 95°C at a rate of 1°Cmin~" (the
temperature range of the Mx3000P thermal block). The FAM emis-
sion vs. temperature plots were normalized with respect to maxi-
mum emission at high temperature between 0 and 1, and the tem-
perature of half-dissociation (T:,), which corresponds to an emis-
sion value of 0.5, was determined."® The (quas)complete folding
of the labeled sequences at 25°C, under our experimental condi-
tions, was verified by performing FRET melting experiments be-
tween 0°C and 80°C by using a SPEX Fluorolog instrument (data
not shown). These melting experiments were performed in Na ca-
codylate (10 mm, pH 7), KCI (30 mm). The fluorescent oligonucleo-
tide and the competitor were added at the same time, at concen-
trations of 0.2 um and 10 pm, respectively, just before addition of
the ligand (1 um). The mixture was then incubated for 10 min at
room temperature before the melting experiment was started.
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N-Terminal Specific Fluorescence Labeling of Proteins
through Incorporation of Fluorescent Hydroxy Acid and

Subsequent Ester Cleavage

Takayoshi Watanabe, Yoichi Miyata, Ryoji Abe, Norihito Muranaka, and Takahiro Hohsaka*®

We have developed a novel method to attach a fluorescent label
at the N terminus of proteins through a four-base codon-mediat-
ed incorporation of a fluorescent hydroxy acid and subsequent
cleavage of the ester bond in a cell-free translation system. We
found that a fluorescent-labeled p-amino-L-phenyllactic acid was
successfully incorporated downstream of N-terminal tag peptides
in response to a CGGG codon, and the tag peptides could be re-
moved through ester cleavage to leave the fluorescent hydroxy
acid at the N terminus of the proteins. Inmunoprecipitation anal-

Introduction

Fluorescence labeling of proteins is a powerful and versatile
technique for the structural and functional analysis of proteins;
however, position-specific and quantitative labeling cannot be
easily achieved by commonly used chemical modification.
Excess or insufficient fluorescence labeling results in decreased
protein activity and yield. The use of green fluorescent protein
(GFP) derivatives is available for the N- or C-terminal specific
labeling of proteins, but the large molecular weight of GFP de-
rivatives might interfere with protein function. Recently, semi-
synthetic approaches such as native chemical ligation and pro-
tein trans-splicing have been used for position-specific labeling
of proteins.!'™

In contrast to these techniques, incorporation of fluorescent
unnatural amino acids*® into proteins by using unnatural mu-
tagenesis'®'¥ can be used for position-specific and quantita-
tive fluorescence labeling of proteins. We have reported that
well-designed fluorescent unnatural amino acids that can be
excited by visible wavelengths are efficiently incorporated into
proteins in an E. coli cell-free translation system.™ This posi-
tion-specific and quantitative fluorescence-labeling method
was used for structural analysis by fluorescence resonance
energy transfer.'¥

Incorporation of fluorescent labels into the internal positions
of proteins, however, might affect the structure and function
of proteins to some extent. For fluorescence labeling of pro-
teins without steric hindrance, fluorescent labels should be at-
tached at the N or Cterminus of proteins. At the N terminus,
tag peptides are often attached to enhance the initiation of
translation.™ In such cases, fluorescent amino acids need to
be incorporated downstream of the tag peptide. To eliminate
the influence of the additional tag peptide on protein structure
and function, it is necessary to remove the tag peptide to
leave the fluorescent label at the N terminus.

ChemBioChem 2008, 9, 1235 - 1242
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ysis revealed that ester cleavage occurred spontaneously during
the translation reaction. The efficiency of the ester cleavage and
the yield of the labeled proteins were dependent on the peptide
tag sequence. We demonstrate that the insertion of an aspara-
gine residue between the N-terminal T7 tag and the fluorescent
hydroxy acid achieved both quantitative ester cleavage and effi-
cient expression of the labeled proteins. The present method is a
potential tool for N-terminal specific labeling of proteins with
various compounds.

In this study, we propose the use of a fluorescent hydroxy
acid instead of fluorescent amino acids for the N-terminal spe-
cific fluorescence labeling of proteins. Hydroxy acids were in-
corporated into proteins in cell-free translation systems as ana-
logues of amino acids.'*?*' Because an ester bond is much
more labile during hydrolysis than an amide bond, the ester
bond between a hydroxy acid and an adjacent amino acid can
be easily cleaved. Under the weak basic conditions of a transla-
tion reaction, the ester hydrolysis is expected to occur sponta-
neously after the incorporation of a fluorescent hydroxy acid
into a polypeptide chain. Therefore, the incorporation of a flu-
orescent hydroxy acid and subsequent ester cleavage will be
available for N-terminal specific fluorescence labeling of pro-
teins that do not have N-terminal tag peptides (Scheme 1A).

Results and Discussion
Design and synthesis of fluorescent hydroxy acid

As a fluorescent hydroxy acid, we designed p-(BODIPYFL-
amino)-L-phenyllactic acid (BFLAFL, 1; Scheme 1B). Based on
our previous results, which indicated that p-substituted phe-
nylalanine derivatives are good substrates for the translation
machinery, p-(BODIPYFL-amino)-L-phenylalanine (BFLAF, 2) was
synthesized and was found to be efficiently incorporated into

[a] T. Watanabe, Y. Miyata, R. Abe, Dr. N. Muranaka, Prof. T. Hohsaka
School of Materials Science (Japan)
Advanced Institute of Science and Technology
1-1 Asahidai, Nomi, Ishikawa 923-1292 (Japan)
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Q Supporting information for this article is available on the WWW under
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Scheme 1. A) Schematic illustration of N-terminal specific fluorescence labeling through incorporation of a fluores-
cent hydroxy acid and subsequent ester cleavage. B) Structures of fluorescent hydroxy acid and amino acid used

in this study.

proteins.™ BFLAFL, which has a hydroxyl group in place of the
amino group of BFLAF, is also expected to be acceptable as a
substrate for the translational machinery.

p-Aminophenyllactic acid was synthesized by substitution of
the amino group of p-nitrophenylalanine with a hydroxy
group, followed by reduction of the nitro group into an amino
group. The carboxyl group of aminophenyllactic acid was acti-
vated by forming cyanomethyl ester, and was attached to a di-
nucleotide, pdCpA. Aminophenyllactyl-pdCpA was then treated
with BODIPYFL-succinimide ester at pH5 to obtain pdCpA,
which was acylated with BFLAFL (BFLAFL-pdCpA). The product
was purified by HPLC and identified by electrospray ionization
mass spectrometry (ESI-MS). According to the chemical amino-
acylation method,”" BFLAFL-pdCpA was ligated with a T7-tran-
scribed yeast phenylalanine tRNA that had a four-base antico-
don (CCCG) and lacked the 3’ terminal dinucleotide, by using
T4 RNA ligase. For comparison, a tRNA that was aminoacylated
with BFLAF was prepared as described previously.'"

Incorporation of fluorescent hydroxy acid into the N termi-
nus of a protein fused with various N-terminal tag peptides

A streptavidin gene that was fused with the His tag at the
C terminus was chosen for evaluating the incorporation of the
fluorescent hydroxy acid. Five types of tag peptides, T7,*
RGSHis,?® VSV-G,?” Avi,?® and EE®” (Table 1), were fused to
the N terminus of the streptavidin gene in which a sequence
CGGGAGTAAC was inserted between the tag sequence and
the GAC codon that encodes Asp1 of streptavidin. For compar-
ison, a streptavidin gene that contained the CGGGAGTAAC se-
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quence immediately after the
initiation codon was prepared.
When the four-base codon
CGGG is decoded by BFLAFL-
tRNA, which has the corre-
sponding four-base anticodon,
BFLAFL will be incorporated in
response to the CGGG codon,
and as a consequence, a full-
length fluorescent streptavidin
will be obtained. In contrast,
the three-base decoding of CGG
by a naturally occurring Arg-
tRNA will terminate the protein
synthesis at the downstream
stop codon TAA of the —1 read-
ing frame.

Each of the tagged streptavi-
din mRNA was added to an
E. coli cell-free translation
system along with BFLAFL-
tRNA or BFLAF-tRNA. The trans-
lation product was analyzed by
SDS-PAGE, followed by fluores-
cence imaging of the gel. The

Ester

=2e

N-terminal labeled protein

Table 1. Sequence of tags attached at the N terminus of streptavidin
gene.

Tag Sequence

T7 ATG GCTAGCATGACT GGT GGA CAG CAA ATG GGT

RGSHis ATG AGA GGATCG CAT CAT CAT CAT CAT CAT

VSV-G ATGGCATACACT GATATCGAAATGAACCGCCTGGGTAAG

Avi ATG GGT CTGAACGACATCTTC GAG GCT CAG AAA ATC GAATGG-
CACGAA

EE ATGGAATACATGCCAATGGAA

fluorescent SDS-PAGE analysis allowed us to quantitatively
evaluate the incorporation of BFLAFL and the ester cleavage.
As shown in Figure 1A, the addition of BFLAF-tRNA gave fluo-
rescent bands of about 20 kDa, which correspond to the full-
length tagged protein. On the other hand, the addition of
BFLAFL-tRNA gave slightly smaller protein bands than BFLAF-
tRNA. The translation products for T7-tagged streptavidin were
further analyzed by Western blotting. Western blotting by
using an anti-T7 tag antibody showed that the addition of
BFLAFL-tRNA did not produce a band, whereas BFLAF-tRNA
gave a distinct band with the same mobility as T7-tagged
wild-type streptavidin (Figure 1C). In Western blots that were
probed by using an antibody against the C-terminal His tag,
the translation product in the presence of BFLAFL-tRNA gave
a band with the same mobility as wild-type streptavidin that
did not have the N-terminal tag (Figure 1D). The fluorescence
image and the Western blot images indicate that BFLAFL is in-
corporated into streptavidin, and the ester bond between the
T7 tag and BFLAFL is cleaved. The BFLAFL-containing streptavi-

ChemBioChem 2008, 9, 12351242
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strates the effectiveness of the N-terminal tags for
the efficient production of proteins that are labeled
at the N terminus. The incorporation efficiencies of
BFLAFL for the EE-tagged and nontagged proteins
were comparable to those of BFLAF; this indicates
that the fluorescent hydroxy acid could be potential-
ly accepted as a substrate for the translation machi-
nery with a similar efficiency as the corresponding
fluorescent amino acid. The total yield of the
BFLAFL-containing streptavidin can be estimated to
be 5-10 ugmL™' based on previous results, which
have reported the yield of the T7-tagged wild-type
streptavidin to be 25 ugmL™"®% and the incorpora-
tion efficiency of BFLAF to be 46%.

BFLAFL

Cleavage of ester bond during cell-free translation

Ester cleavage is expected to occur during incuba-
tion in the cell-free translation system, but it could
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occur during the sample preparation for SDS-PAGE.
To examine whether the ester cleavage occurs
during the translation reaction, the BFLAFL-contain-
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Figure 1. Incorporation of BFLAF and BFLAFL into streptavidin fused with various N-ter-
minal tag peptides. A) Fluorescence image (4.,,=488 nm and 1., =520 nm) of SDS-PAGE
for cell-free translation products that were expressed in the presence of either BFLAF-
tRNA or BFLAFL-tRNA. B) Relative intensity of the fluorescent bands. Data are represent-
ed as values relative to BFLAF-containing T7-tagged streptavidin (mean + standard devia-
tion, n=3). Western blot analysis of T7-tagged streptavidin by using C) an anti-T7 tag an-

tibody, and D) an anti-His tag antibody.

din was then purified by using Ni-NTA beads and analyzed by
MALDI-TOF MS (Figure S1 in the Supporting Information). The
mass value that corresponded to the BFLAFL-containing strep-
tavidin without the T7 tag was identified (calcd, 17931.7;
found: 17929.8); this demonstrates that the tag peptide was
removed to leave BFLAFL at the N terminus of streptavidin.
Quantification of the fluorescent bands on the SDS-PAGE gel
indicates that the ratio of tagged to nontagged protein and
the yield of the fluorescently labeled protein are different and
depend on the type of tag peptides used (Figure 1B). T7,
RGSHis, and EE tags showed highly efficient ester cleavage,
and in addition, T7 and EE tags gave a higher yield of BFLAFL-
containing proteins than the nontagged protein obtained from

ChemBioChem 2008, 9, 1235 - 1242
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ing T7-tagged protein was immunoprecipitated by
an anti-T7 tag antibody immediately after the trans-
lation reaction, followed by analysis by SDS-PAGE. In
this experiment, monomeric fatty acid binding pro-
tein (FABP) was used instead of tetrameric strepta-
vidin, because the tetramerization of streptavidin
made it difficult to separate T7-tagged monomer
from nontagged monomer. The fluorescence image
of SDS-PAGE indicates that the BFLAF-containing
protein was not observed to any significant extent
in the supernatant, but was present in the eluate
fraction (Figure 2). On the other hand, the BFLAFL-
containing protein remained in the supernatant and
was not present in the eluate from the immunore-
sin; this indicates that the BFLAFL-containing protein
did not have the T7 tag peptide. These results show
that the removal of the T7 tag peptide is completed
during the translation reaction.

BFLAF BFLAFL
§ g § &
o ] i~ ©
28 E 2 25 E 9
c o a ] c g a @
© o 5 = (o) =] =
My, Fa o w —4a @ w
(kDa)
20.1— _
— _— -
14.2—
6.5 — »

Figure 2. Immunoprecipitation analysis of T7-tagged FABP that contained
either BFLAF or BFLAFL. The supernatant and eluate from the immunoresin
were analyzed by fluorescence imaging of SDS-PAGE.
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In the cases of VSV-G and Avi tags, however, a significant
amount of tag-containing protein was observed in the SDS-
PAGE (Figure 1A). The VSV-G tagged protein was completely
hydrolyzed when the cell-free translation solution was mixed
with 1 vol of 1m NaHCO; and further incubated at 37°C for
1 h (Figure S2); this indicates that the VSV-G tag is not effec-
tively removed during the translation reaction even though it
is fused to a protein via an alkali-labile ester bond. These re-
sults indicate that the type of tag peptide might determine
whether the ester bond is cleaved during the translation re-
action.

Effect of upstream amino acid on ester cleavage and trans-
lation efficiency

There is a possibility that the cleavage of the ester bond be-
tween the tag peptide and the fluorescent hydroxy acid de-
pends on the type of amino acid upstream of the fluorescent
hydroxy acid. To investigate the effect of the upstream amino
acid on the ester cleavage, each of 20 codons, which corre-
spond to the 20 amino acids, was inserted between the T7 tag
and the CGGG codon in the streptavidin gene. Fluorescence
images of SDS-PAGE for the translation products showed that
the ratio of tagged to nontagged proteins was significantly dif-
ferent depending on the type of upstream amino acids
(Figure 3). In particular, asparagine and proline allowed quanti-
tative ester cleavage, but hydrophobic residues, such as isoleu-
cine and methionine, strongly prevented ester cleavage.

The ester bond between asparagine and BFLAFL can be
cleaved via a succinimide intermediate as was observed in a

T. Hohsaka et al.

protein-splicing reaction in which an amide nitrogen of aspara-
gine at the Cterminus of spliced inteins nucleophilically at-
tacked the carbonyl carbon atom of the peptide bond and
formed a succinimide.®" The nucleophilic substitution could
easily occur when the peptide bond was replaced by an ester
bond. It has been reported that an asparagine residue in a
methyl ester of tetrapeptide YAHN was converted to the succi-
nimide.®? The ester bonds between BFLAFL and amino acids
other than asparagine could be hydrolyzed depending on the
structural properties of the amino acid residues. The proline
ring and small residues, such as glycine and serine, might not
interfere with the attack of hydroxyl ions on the ester bond.
On the other hand, large hydrophobic residues probably pro-
tect the ester bond from the attack by hydroxyl ions.

In previous studies, it was found that ester bond cleavage
often requires alkaline treatments and its efficiency depends
on the adjacent amino acid sequences (Tables S1 and 52).'¢*
However, it should be noted that in these studies, the hydroxy
acids were incorporated into the internal regions and not the
N termini of proteins, which comprise a limited variety of up-
stream amino acids. In one report, where the upstream amino
acid was asparagine, quantitative ester cleavage was observed
in SDS-PAGE without alkaline treatment.'"”’ To evaluate the
cleavage of BFLAFL-derived ester bonds in the internal regions,
BFLAFL was incorporated into the internal regions of maltose-
binding protein (MBP).2¥ As shown in Figure S3, ester cleavage
was largely inhibited at Y70, Y167, and Y176 positions of MBP,
despite the upstream amino acids being glycine and lysine,
whose ester cleavage efficiencies at the downstream of T7 tag
were 78% and 56 %, respectively. This result is consistent with

previous studies that suggested that ester bonds at
the internal regions of proteins are stable. The stabil-

~ ity of these ester bonds can be explained by consid-
B ering the fact that they are protected by the sur-
(ltAIZ‘)Na) E Z S 3 E (“%E 532353 % 528 g gesgp rounding protein structure in the internal regions,
250 — but they are less protected downstream of the N-
] — e e S e e e e o mmam terminal tag peptide. However, substituting the up-
142 — stream amino acids with asparagine at these three
internal positions of MBP resulted in nearly quantita-
B) tive ester cleavage (Figure S3), as reported previous-
221 mwith tag peptide ly, where the ester bond was easily cleaved when
5 128 i Owithout tag peptide the upstream amino acid was asparagine.'” The effi-
% 1:6 I cient ester cleavage might be because of the same
E 44| mechanism as that described for T7 tag with aspara-
g 12} gine insertion.
o 1t The upstream amino acid also affects the yield of
§ 0.8 the fluorescent-labeled proteins. The insertion of as-
¢ 06 paragine increased the yield of the labeled protein
8; by 3.1-fold compared with the labeled protein with-
0 i out insertion. On the other hand, the insertion of
&3 3 ‘lg‘ L%’; &‘% 5 3 2.8 g g =~ g8 § = 22 histidine resulted in a very low yield, which is consis-

Figure 3. Incorporation of BFLAFL into T7-tagged streptavidin with insertion of 20 types
of amino acids between the T7 tag and CGGG codon. A) Fluorescence image (1., =

488 nm and A, =520 nm) of SDS-PAGE for cell-free translation products obtained in the
presence of BFLAFL-tRNA. B) Relative intensity of the fluorescent bands. Data are repre-
sented as values relative to BFLAF-containing T7-tagged streptavidin without insertion

(described as “Control”; mean =+ standard deviation, n=3).
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tent with the low yield of RGSHis-tagged protein
(Figure 1B). In other upstream amino acids, total
yields of the tagged and nontagged proteins were
different depending on the type of upstream amino
acids. As discussed below, these results raise the
possibility that a slight change in the sequence of

ChemBioChem 2008, 9, 12351242
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tag peptides might influence the yield of the labeled proteins.

To confirm the effect of the upstream asparagine residue on
the ester cleavage in various tag peptides, an AAC codon was
inserted upstream of the CGGG codon, or introduced in place
of the C-terminal codons of the tags. As shown in Figure 4,

A) AAC codon insertion AAC codon substitution
= 1]
w2 53 2 2
kDa S ® » = w O » s w
kDa} 8 E ¥ > Z W B B = Z W
250 —
20.1 — o

142 —

B) 2
1.8 B
16}
14}
12}

08}
0.6
04
02}

Relative band intensity

gl

of mRNAs. In our previous work, the structure of unnatural
amino acids was identified as the major factor that determines
the decoding efficiency of the CGGG codon. The incorpora-
tion position also influenced the decoding efficiency of the
CGGG codon when BFLAF was incorporated,"” while rather
small residues such as p-aminophenylalanine were
equally incorporated at various positions.*® In the
present study, a significant difference between the
insertion and substitution was also observed when
BFLAF was incorporated (Figure S4), but was not ob-
served when tyrosine was incorporated (Figure S5).
These facts indicate that the decoding of the CGGG
codon might be highly dependent on the neighbor-
ing sequence for amino or hydroxy acids that carry
large side chains.

Asparagine insertion and substitution might influ-
ence the translation efficiency of mRNAs. N-terminal
tag sequences have often been used to enhance the
translation efficiency of mRNAs." In addition, silent
mutations of the N-terminal nucleotide sequence
were sometimes effective in increasing translation
efficiency in a cell-free translation system.*? In the
present study, even a single codon insertion or sub-
stitution for the N-terminal tag sequence might
significantly increase or decrease the translation effi-
ciency of mRNAs.

Without tag

o
VSV-G [}

(2] S w P~ K] = w
(R z w F £ 9 z W
%) 7S
Q g 9
x x
AAC codon insertion AAC codon substitution

Figure 4. Incorporation of BFLAFL into N-terminal tagged streptavidin in which aspara-
gine was either inserted downstream of the C-terminal codons of the tags, or introduced
in place of the C-terminal codons. A) Fluorescence image (4,,=488 nm and 1.,,=

520 nm) of SDS-PAGE for cell-free translation products expressed in the presence of
BFLAFL-tRNA. B) Relative intensity of the fluorescent bands. Data are represented as
values relative to BFLAF-containing T7-tagged streptavidin without asparagine insertion

(described as “Control”; mean = standard deviation, n=3).

ester cleavage occurred during the translation reaction in all
cases. This demonstrates that the upstream asparagine residue
is effective for quantitative ester cleavage regardless of the
type of tag peptides. The yield of the labeled proteins was,
however, different depending on the tag peptide sequence.
The T7 tag with the asparagine insertion showed the highest
yield (3.1-fold compared with the nontagged protein), al-
though substitution with asparagine resulted in moderate
yield. On the other hand, the VSV-G, Avi, and EE tags with the
asparagine insertion showed lower yields than that for the
nontagged protein, but the substitution into asparagine in-
creased the yields to higher levels. The difference between the
insertion and substitution suggests that the yield of the la-
beled proteins is significantly affected by only a single codon
change (Figure 3).

The yield of the labeled proteins will reflect both the decod-
ing efficiency of the CGGG codon and the translation efficiency

ChemBioChem 2008, 9, 1235 - 1242
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Utility of T7 tag with asparagine insertion for
other proteins

Without tag

The utility of the T7 tag with asparagine insertion
was examined for several proteins other than strep-
tavidin. The T7 tag with the AAC codon insertion
was fused with the N terminus of calmodulin, FABP,
and A-Cro repressor genes. For comparison, the
CGGGAGTAAC sequence was added to these genes
immediately after the initiation codon. A fluores-
cence image of the SDS-PAGE for the translation
products showed that the T7 tag with asparagine in-
sertion gave labeled proteins that had the same mo-
bility as the corresponding nontagged proteins (Figure 5). This
indicates that the ester bond was quantitatively cleaved in
these proteins, as with streptavidin. Moreover, the yields of the
labeled proteins were higher than those of the corresponding
nontagged proteins. These results suggest that the T7 tag with
asparagine insertion is universally applicable for efficient ex-
pression of N-terminal labeled proteins.

Conclusions

A novel method was developed for the N-terminal specific
fluorescence labeling of proteins through the incorporation of
a fluorescent hydroxy acid and spontaneous cleavage of the
resulting ester bond. For N-terminal specific labeling, initiation
codon-mediated incorporation of fluorescent amino acids®>—"
and fluorescent carboxylic acids® have been reported, but
they cannot be very effective for genes in which the N-termi-
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Figure 5. Incorporation of BFLAFL into several proteins that contained the
T7 tag that had asparagine inserted between the T7 tag and CGGG codon.
A) Fluorescence image (4., =488 nm and A.,, =520 nm) of SDS-PAGE for cell-
free translation products expressed in the presence of BFLAFL-tRNA. B) Rela-
tive intensity of the fluorescent bands. Data are represented as values rela-
tive to BFLAF-containing T7-tagged streptavidin without asparagine inser-
tion (described as “Control”; mean + standard deviation, n=3); ND: not de-
tected.

nal nucleotide or amino acid sequence is inappropriate for pro-
tein expression. The present method has a unique advantage
in that the protein expression can be enhanced by peptide
tags that are spontaneously removed from the expressed pro-
teins; this leaves the fluorescent label at the N terminus. For
practical applications, the T7 tag that contains the insertional
asparagine upstream of the hydroxy acid was found to be suit-
able for the efficient synthesis of fluorescently labeled proteins
without tag peptide. Further optimization of tag peptides to
achieve both efficient expression and quantitative ester cleav-
age will be essential to improve this method. Moreover, hy-
droxy acids that are labeled with other labeling compounds,
such as biotin, will make this method a general and useful tool
for the N-terminal specific labeling of proteins.

Experimental Section

Materials: p-Nitro-L.-phenylalanine was purchased from Tokyo
Chemical Industry (Tokyo, Japan); BODIPYFL-succinimide ester was
purchased from Molecular Probes; T4 RNA ligase was purchased
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from Takara BIO (Osaka, Japan); RTS E. coli linear template genera-
tion set was purchased from Roche Diagnostics; E. coli S30 extract
for linear templates, alkaline phosphatase-labeled anti-mouse IgG,
and MagneHis Ni-Particles was purchased from Promega; anti-T7
tag antibody, anti-His tag antibody, and Grablt T7-Tag Kit were pur-
chased from Novagen; XTerra C18 and XBridge C18 columns were
purchased from Waters; Poros R2/10 column was purchased from
Applied Biosystems; and ZipTipC18 was purchased from Millipore.

Synthesis of p-nitro-L-phenyllactic acid: An aqueous solution of
sodium nitrite (2.2m; 10 mL) was gradually added to a solution of
p-nitro-L-phenylalanine (1.49g, 7.07 mmol) in aqueous H,SO,
(0.55M; 22 mL) and acetone (22 mL), over 30 min with cooling on
ice. The mixture was stirred on ice for 1.5 h, and then at room tem-
perature for 16 h. After evaporation of the acetone, the mixture
was extracted with EtOAc. The organic layer was washed once
with water, once with saturated aqueous NaCl, and then dried over
Na,SO,. After evaporation of the solvent, isopropyl acetate and
hexane were added to precipitate the product, which was collect-
ed by filtration and dried under vacuum to afford p-nitro-L-phenyl-
lactic acid (809.8 mg, 3.84 mmol; 54% yield): '"H NMR (300 MHz,
[DcIDMSO): =293 (dd, J=8.4, 13.8Hz, 1H), 3.12 (dd, J=4.2,
13.8 Hz, TH), 4.23 (tt, J=4.2, 8.4 Hz, 1H), 5.47 (brs, 1H), 7.53 (d, J=
8.7 Hz, 2H), 8.15 (d, J=8.7 Hz, 2H), 12.64 (brs, 1H).

Synthesis of p-amino-L-phenyllactic acid: Anhydrous EtOH
(10 mL) was added to a mixture of p-nitro-L-phenyllactic acid
(507 mg, 2.40 mmol) and 10% Pd/C (275 mg) under H, gas. The re-
sulting mixture was stirred at room temperature for 1.5 h. After re-
moval of Pd/C by filtration followed by evaporation of the solvent,
MeOH was added to precipitate the product, which was collected
by filtration and dried under vacuum to afford p-amino-L-phenyl-
lactic acid (173.8 mg, 0.96 mmol; 40% yield): '"H NMR (300 MHz,
[DIDMSO): 6=2.57 (dd, J=8.1, 13.8Hz, 1H), 2.76 (dd, J=4.5,
13.8 Hz, 1H), 3.98 (tt, J=4.5, 8.1 Hz, 1H), 6.45 (d, J=8.1 Hz, 2H),
6.86 (d, J=8.1 Hz, 2H).

Synthesis of p-(Boc-amino)-L-phenyllactic acid cyanomethyl
ester: A solution of (Boc),0 (3.7 M) in dioxane (67 L, 0.25 mmol)
was added to a mixture of p-amino-L-phenyllactic acid (21.7 mg,
0.12 mmol) in aqueous NaHCO; (0.1m; 2.7mL) and dioxane
(2.7 mL). The mixture was stirred at room temperature for 3 h.
After removal of dioxane by evaporation, the resulting mixture was
extracted with EtOAc. The organic layer was washed once with
aqueous KHSO, (5%), once with saturated aqueous NaCl, and then
dried over anhydrous MgSO,. The solvent was removed by evapo-
ration to afford p-(Boc-amino)-L-phenyllactic acid (23.2 mg) as a
crude product. To a mixture of p-(Boc-amino)-L-phenyllactic acid
(23.2 mg, 0.082 mmol) in triethylamine (690 pL, 5 mmol) and aceto-
nitrile (1.5 mL), chloroacetonitrile (520 uL, 8.3 mmol) was gradually
added. After being stirred at room temperature for 4 h, triethyla-
mine (69 pL, 0.5 mmol) and chloroacetonitrile (52 uL, 0.83 mmol)
were added. The resulting mixture was stirred at room tempera-
ture for a further 9 h. The mixture was acidified with aqueous
KHSO, (5%) and extracted with EtOAc. The organic layer was
washed once with aqueous KHSO, (5%), and then the solvent was
removed by evaporation. The desired product was purified by a
preparative reversed-phase HPLC (XBridge C18, 5 um, 10x50 mm,
flow rate: 3.0 mLmin~' with a linear gradient of 0-100% MeOH in
0.38% formic acid over 15 min) to give p-(Boc-amino)-L-phenyllac-
tic acid cyanomethyl ester (10.0 mg, 31.1 umol; 26 % yield, 2 steps):
"H NMR (300 MHz, CDCl;): §=1.51 (s, 9H), 2.54 (brs, 1H), 2.99 (dd,
J=6.3, 14.1 Hz, 1H), 3.11 (dd, J/=4.8, 14.1 Hz, 1H), 453 (brs, 1H),
4.77 (d, J=3.0 Hz, 2H), 6.47 (brs, 1H), 7.13 (d, J/=8.4 Hz, 2H), 7.32
(d, J=8.7 Hz, 2H).
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Synthesis of p-amino-L-phenyllactyl-pdCpA: Acylation of pdCpA
with p-(Boc-amino)-L-phenyllactic acid was carried out by the addi-
tion of p-(Boc-amino)-L-phenyllactic acid cyanomethyl ester
(5.90 mg; 18.4 umol) to a 88 mm DMF solution of pdCpA tetra-n-
butyl-ammonium salt (105.5 pL; 9.30 pmol). The resulting solution
was kept at 37°C for 6.5 h. Et,O (1 mL) was added to the solution,
and the precipitate was collected by centrifuging. The resulting
precipitate was washed twice with Et,O (1 mL), and dried under
vacuum. The desired product was purified with an analytical scale
reversed-phase HPLC (XTerra C18, 2.5 um, 4.6x20 mm, flow rate
1.5mLmin~" with a linear gradient of 0-100% MeOH in 0.38%
formic acid, over 10 min). The purified product was dissolved in tri-
fluoroacetic acid (200 uL) and placed on ice for 10 min to remove
the Boc group. After evaporation of trifluoroacetic acid by vacuum
centrifuge, the pellet was washed twice with Et,O (1 mL), and
dried under vacuum to afford p-amino-L-phenyllactyl-pdCpA
(1.53 umol; 16% yield). The product was identified by ESI-TOF MS.
p-Amino-L-phenyllactyl-pdCpA; calcd: 798.1655; found: 798.1626
IM—H]".

Synthesis of p-(BODIPYFL-amino)-L-phenyllactyl-pdCpA (BFLAFL-
pdCpA): A DMSO solution of BODIPYFL-succinimide ester (50 mwm;
36 uL, 1.8 umol) was added to a mixture of a DMSO solution of p-
amino-L-phenyllactyl-pdCpA (180 pL, 0.4 umol) and aqueous pyri-
dine-HCI (1 m; pH 5.0, 216 pL). After incubation at 37°C for 1.5 h, a
DMSO solution of BODIPYFL-succinimide ester (50 mm; 18 L,
0.9 pmol) was added, and the resulting solution was further incu-
bated for 1.5 h. The mixture was washed three times with Et,0
(1 mL) to remove unreacted BODIPYFL. The desired product was
purified with an analytical scale reversed-phase HPLC (XTerra C18,
2.5 um, 4.6x20 mm, flow rate: 1.5 mLmin~" with a linear gradient
of 0-100% MeOH in 0.38% formic acid, over 10 min) to afford p-
(BODIPYFL-amino)-L-phenyllactyl-pdCpA (149 nmol, 37 % yield). The
product was identified by ESI-TOF MS. p-(BODIPYFL-amino)-L-phe-
nyllactyl-pdCpA; calcd: 1072.2739; found: 1072.2775 [M—H]".

Preparation of acyl-tRNA: Acylated tRNA with p-(BODIPYFL-
amino)-L-phenyllactic acid was synthesized by the chemical amino-
acylation method. A yeast phenylalanine tRNA that contained a
CCCG anticodon and lacked the 3'-terminal dinucleotide was syn-
thesized as described previously.” Ligation of the truncated tRNA
and p-(BODIPYFL-amino)-L-phenyllactyl-pdCpA was carried out in a
reaction mixture (10 pL) that contained Hepes—Na (pH 7.5, 5.5 mwm),
ATP (1 mm), MgCl, (15 mm), DTT (3.3 mm), BSA (2 pgmL”), tRNA
(0.25 nmol), p-(BODIPYFL-amino)-L-phenyllactyl-pdCpA (2.2 nmol)
in DMSO (1 pL), and T4 RNA ligase (30 units). The mixture was incu-
bated at 4°C for 2 h. After the incubation, KOAc (pH 4.5) was
added to a final concentration of 0.3 M. The acyl-tRNA was isolated
by extraction with phenol/CHCIl; and CHCI,, and by EtOH precipita-
tion. The precipitate was dissolved in prechilled KOAc (1 mm,
pH 4.5) just before addition to the cell-free translation system. The
p-(BODIPYFL-amino)-L-phenylanalyl-tRNA was also prepared as
described previously.™ The acyl-tRNAs were analyzed by HPLC
(Poros R2/10, 4.6x100 mm), flow rate: 1.0 mLmin~' with a linear
gradient of 0-100% of acetonitrile in aqueous triethylammonium
acetate (0.1m; pH 6.0) over 15 min.?> The acylation yield was de-
termined to be 80% for BFLAFL and 61% for BFLAF.

Preparation of mRNAs that have various tag peptides: Streptavi-
din genes fused with His-tag at the C terminus and one of the five
types of tag peptide (T7, RGSHis, VSV-G, Avi, and EE; Table 1) at the
N terminus, in which the sequence CGGGAGTAAC was inserted be-
tween the tag sequence and GAC codon encoding Asp1 of strepta-
vidin, were prepared with RTS E. coli linear template generation set
by using a streptavidin gene pGSH™ as a template. For compari-
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son, a streptavidin gene that contained the CGGGAGTAAC sequence
just after the initiation codon was also prepared. As 5 gene-
specific primers, 5-CTTTAAGAAGGAGATATACCATGGCTAGCATGA-
CTGGTGGACAGCAAATGGGTCGGGAGTAACGACCCGTCCAAGGACTC-
CAAAGC-3' (T7), 5'-CTTTAAGAAGGAGATATACCATGAGAGGATCGCAT-
CATCATCATCATCATCGGGAGTAACGACCCGTCCAAGGACTCCAAAGC-3'
(RGSHis), 5'-CTTTAAGAAGGAGATATACCATGGCATACACTGATATCGA-
AATGAACCGCCTGGGTAAGCGGGAGTAACGACCCGTCCAAGGACTCC-
AAAGC-3"  (VSV-G), 5'-CTTTAAGAAGGAGATATACCATGGGTCTGAA-
CGACATCTTCGAGGCTCAGAAAATCGAATGGCACGAACGGGAGTAAC-
GACCCGTCCAAGGACTCCAA-3" (Avi, 5-CTTTAAGAAGGAGATATAC-
CATGGAATACATGCCAATGGAACGGGAGTAACGACCCGTCCAAGGAC-
TCCAAAGC-3" (EE), and 5-GAAGGAGATATACCATGCGGGAGTAAC-
GACCCGTCC-3' (without tag) were used. As a 3’ gene-specific
primer, 5-TGATGATGAGAACCCCCCCCTTAGTGGTGGTGGTGGTGGTG-
TTGCTGAACAGCGTCTAGAG-3' was used. The mRNAs were pre-
pared by using T7 RNA polymerase as described previously. Inser-
tion and substitution mutants were prepared by using 5’ primers
that contained the corresponding mutations. Genes that encoded
FABP, calmodulin, and A-Cro repressor were prepared in a similar
manner.

Cell-free translation: The acyl-tRNA and the CGGG-containing
tagged mRNA were added to an E. coli cell-free translation system.
Translation was carried out in a reaction mixture (10 pL) that
contained HEPES-KOH (55 mm, pH7.5), potassium glutamate
(210 mm), ammonium acetate (6.9 mm), magnesium acetate
(12 mm), DTT (1.7 mm), ATP (1.2 mm), GTP (0.28 mm), phosphoenol-
pyruvate (26 mm), spermidine (1 mm), polyethyleneglycol-8000
(1.9%), folinic acid (35 pgmL™"), 20 amino acids (0.1 mm of each),
mMRNA (8 ug), acyl-tRNA (0.2 nmol), and E. coli S-30 extract (2 pL).
The mixture was incubated at 37 °C for 60 min.

SDS-PAGE and Western blotting: The reaction mixture (1 ulL) was
mixed with 2xSDS-PAGE sample buffer (10 puL) and water (9 pL),
and then the sample (5 pL) was subjected to SDS-PAGE (15 %). The
fluorescence image of the SDS-PAGE gel was measured with a fluo-
rescence scanner (FMBIO-III, Hitachi Software Engineering) with ex-
citation at 488 nm and emission at 520 nm. The same gel was ana-
lyzed by Western blot analysis by using an anti-T7 tag antibody or
anti-His tag antibody and alkaline phosphatase-labeled anti-mouse
Ig9G.

MALDI-TOF MS analysis: A cell-free translation reaction mixture
for T7-tagged streptavidin that was obtained in the presence of
BFLAFL-tRNA (50 pL) was diluted with phosphate buffer (50 pL;
50 mm Na,HPO,-NaH,PO,, pH 7.0, 150 mm NaCl), and loaded onto
MagneHis Ni-Particles (20 pL). The beads were washed five times
with wash buffer (200 uL; 50 mm Na,HPO,-NaH,PO,, pH 7.0,
300 mm NaCl, 5 mm imidazole), and the His-tagged protein was
eluted with elution buffer (25 uL; 50 mm Na,HPO,-NaH,PO,, pH 7.0,
300 mm NaCl, 500 mm imidazole). The eluate was diluted with
phosphate buffer (25 pL) and desalted, and concentrated by using
ZipTipC18. The proteins were eluted with a matrix solution that
contained 2,5-dihydroxybenzoic acid (10 mgmL™") in acetonitrile/
0.1% TFA (2:3). The mass measurement was performed by MALDI
TOF-MS (Voyager DE-Pro, Applied Biosystems) in the positive mode
by using apomyoglobin as an external calibrant (16952.6 for MH™).

Immunoprecipitation analysis: The T7-tagged FABP that con-
tained either BFLAF or BFLAFL was immunoprecipitated by using a
Grablt T7-Tag Kit. A cell-free translation reaction mixture (10 pL)
was loaded onto Grablt T7-tag antibody agarose (10 L), and
mixed at room temperature for 1 h. The supernatant was collected
as the unbound protein fraction. The agarose was washed with
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wash buffer (200 pL), and heated at 80°C for 5 min in 1xSDS
sample buffer (50 L) to elute bound protein. The supernatant and
eluate were applied to SDS-PAGE and analyzed by fluorescence
imaging.
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Varied Active-Site Constraints in the Klenow Fragment of
E. coli DNA Polymerase | and the Lesion-Bypass Dbh DNA

Polymerase

Janina Cramer,” Gopinath Rangam," Andreas Marx,'” and Tobias Restle*®

We report on comparative pre-steady-state kinetic analyses of
exonuclease-deficient Escherichia coli DNA polymerase | (Klenow
fragment, KF~) and the archaeal Y-family DinB homologue (Dbh)
of Sulfolobus solfataricus. We used size-augmented sugar-modi-
fied thymidine-5"-triphosphate (T'TP) analogues to test the effects
of steric constraints in the active sites of the polymerases. These
nucleotides serve as models for study of DNA polymerases exhib-
iting both relatively high and low intrinsic selectivity. Substitution
of a hydrogen atom at the 4'-position in the nucleotide analogue
by a methyl group reduces the maximum rate of nucleotide in-
corporation by about 40-fold for KF~ and about twelvefold for
Dbh. Increasing the size to an ethyl group leads to a further two-
fold reduction in the rates of incorporation for both enzymes. In-
terestingly, the affinity of KF~ for the modified nucleotides is only

Introduction

The accurate replication of DNA is essential for all forms of life.
This process is performed by replicative DNA polymerases with
errors rates as low as 107° (in the absence of proofreading).!
However, recently discovered DNA polymerases involved in
lesion bypass synthesis exhibit strikingly low fidelity when
dealing with undamaged DNA." The fidelity is somewhat im-
proved when dealing with certain forms of damaged DNA.®®
An understanding of the basis for the differences in fidelity be-
tween polymerases involved in lesion bypass and in replication
is essential to understand the process of DNA replication.
Various models to account for the high selectivity of DNA
polymerases during DNA replication have been suggested. At
first glance the formation of distinct hydrogen-bonding pat-
terns between the nucleobases of the coding template strand
and the incoming nucleoside triphosphate appears to be re-
sponsible for accurate information transfer. Yet, as suggested
by Echols and Goodman on the basis of thermal denaturating
studies of matched and mismatched DNA complexes, these
interactions alone are not sufficient to explain the degree of
accuracy commonly observed for enzymatic DNA synthesis.”
Several additional factors have been suggested to be involved
in correct nucleotide recognition. Among these factors are ex-
clusion of water from the enzyme'’s active site, base stacking,
solvation, minor groove scanning and steric constraints within
the nucleotide binding pocket.”’ In the context of an attempt
to evaluate the contribution of hydrogen bonding to DNA
polymerase fidelity, Kool et al.”’ described a functional strategy
based on chemically modified nucleotide substrates bearing
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marginally affected, which would indicate no discrimination
during the binding step. Dbh even has a higher affinity for the
modified analogues than it does for the natural substrate. Misin-
corporation of either TTP or T"TP opposite a G template causes
a drastic decline in incorporation rates for both enzymes. At the
same time, the binding affinities of KF~ for these nucleotides
drop by about 16- and fourfold, respectively, whereas Dbh shows
only a twofold reduction. Available structural data for ternary
complexes of relevant DNA polymerases indicate that both en-
zymes make close contacts with the sugar moiety of the dNTP.
Thus, the varied proficiencies of the two enzymes in processing
the size-augmented probes indicate varied flexibility of the en-
zymes’ active sites and support the notion of active site tightness
being a criterion for DNA polymerase selectivity.

nonpolar aromatic molecules that closely mimicked the shapes
and sizes of the natural nucleobases but showed significantly
diminished ability to form stable hydrogen bonds. These non-
polar nucleotide isosters were applied as functional probes to
elucidate the effect of hydrogen bonding on DNA polymerase
selectivity. Kool and co-worker found that the nonpolar isosters
were processed by several DNA polymerases with remarkably
high selectivity and efficiency.” From these results it was con-
cluded that hydrogen bonding is not absolutely essential in
order to achieve high incorporation efficiencies and that signif-
icant levels of selectivity can be achieved without it. Close
fitting of Watson—Crick geometry along with specific minor
groove interactions are among the most important factors for
achieving selectivity in DNA replication.

Several crystal structures of DNA polymerases in complex
with their DNA and dNTP substrates have contributed signifi-
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cantly to our understanding of substrate recognition by these
enzymes.®'? The structures of DNA polymerases have been
likened to a right hand consisting of fingers, palm and thumb
subdomains, forming a large cleft that binds the primer/tem-
plate. The palm domain harbours the catalytic centre contain-
ing the essential carboxylates involved in the phosphoryl trans-
fer reaction. The high degree of conservation of this domain
throughout distinct DNA polymerase families from eukaryotic,
prokaryotic and viral DNA polymerases is striking.” In contrast,
the thumb and finger domains, which show extensive contacts
with the primer/template complex and with the incoming
dNTPs, respectively, differ significantly among DNA poly-
merases.

Numerous biochemical studies of DNA polymerase reaction
pathways have led to the establishment of a minimal kinetic
model for nucleotide incorporation.>?! |t is believed that the
reaction follows an ordered series of distinguishable micro-
scopic events. Firstly, the enzyme binds to the primer/template
complex, and this is followed by binding of the incoming
dNTP. Nucleotide binding then triggers the formation of an ac-
tivated complex, after which the chemical bond is formed. For-
mation of the activated complex is believed to be the rate-lim-
iting step of nucleotide incorporation. Several studies strongly
support the occurrence of large conformational changes from
an “open” to a “closed” conformation prior to phosphodiester
bond formation triggered through dNTP binding.®&" 242!
Whether the open-to-closed transition due to dNTP binding is
the rate-limiting step is still a matter of debate,”***¥ although
this substrate-induced change in the position of the fingers
domain is believed to be of major importance for nucleotide
selection.” Crystallographic data for DNA polymerases indi-
cate that these enzymes adopt conformations that preferen-
tially accommodate the geometry of Watson—Crick base pairs.
This might be a further indication that geometrical constraints
are at least one cause of DNA polymerase fidelity.

Endo- and exogenous stress (for example, reactive oxygen
species, chemicals, radioactivity, ultraviolet (UV) radiation etc.)
cause DNA damage, necessitating specifically adapted strat-
egies in order to repair such lesions.®” UV light, for example,
causes a variety of forms of damage to DNA. The most abun-
dant lesions are pyrimidine dimers such as the pyrimidine pyri-
midone photoproduct (6-4PP) and the cis-syn cyclobutane pyr-
imidine dimer (CPD). Often these lesions are repaired sluggish-
ly and remain in the DNA, causing considerable impairment
and eventually stalling of the DNA replication machinery. How
cells perform DNA synthesis past these kind of lesions has long
been obscure, and only recently has it been discovered that
several specialized DNA polymerases belonging to the new Y-
family are involved in translesion synthesis.**"3? One of their
most prominent functional characteristics is their high error
propensity when dealing with undamaged DNA, which distin-
guishes them from known high-fidelity DNA polymerases (for a
recent review see Yang and Woodgate*®)),

The individual selectivities of DNA polymerases may vary by
up to several orders of magnitude. However, the underlying
mechanism for these variations is only sparsely understood.
Insights into error-prone DNA synthesis have recently been
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gained with the help of crystal structures of several Y-family
polymerases, such as the N-terminal catalytic domain of yeast
DNA polymerase n and Solfolobus solfataricus (P1 and P2, re-
spectively) DNA polymerases Dbh (DinB homologue) and Dpo4
(DNA polymerase IV); in particular, the latter (DNA polymera-
se lV) crystallized in a ternary complex with DNA and an in-
coming nucleotide.®*3”" Moreover, important fundamental in-
sights into structural differences between different DNA poly-
merases were gained by comparison of these crystal structures
with those from high-fidelity enzymes. In brief, the structures
of the low-fidelity enzymes indicate that the nascent base pair
between the template and the incoming nucleotide is less
tightly coordinated than it would be in a high-fidelity DNA
polymerase. A solvent-accessible active site has been suggest-
ed as an important structural feature for the error-prone repli-
cation of DNA by this class of DNA polymerases. Interestingly,
another structure of the error-prone DNA polymerase Dpo4
showed a noncanonical dNTP bound to the active site.*” From
this structure it is apparent that conformations both of the
active site amino acids and of the sugar phosphate moieties of
the primer, template and nucleoside triphosphate in the active
site differ significantly from those observed when a canonical
nucleotide is bound. This is due to a translocation of the first
template base (G) so that the incoming ddGTP forms a canoni-
cal base pair with the next template base (C). Such an align-
ment might be one reason for the apparent faulty DNA
synthesis by this kind of enzymes. Despite that, recent studies
performed with nucleotide analogues possessing nonpolar nu-
cleobase surrogates and size variation in sub-angstrom incre-
ments indicate that lesion-bypass Dpo4 DNA polymerase has
an active site that is more flexible than those in the more
selective enzymes in tolerating size deviations.®¥

In an attempt to unravel some of the fundamentals relating
to the different active site constraints of DNA polymerases
with and without lesion-bypass ability we compared exonu-
clease-deficient Escherichia coli DNA polymerase | (Klenow frag-
ment, KF7) and the archaeal Y-family DinB homologue (Dbh)
of Sulfolobus solfataricus as model systems by applying size-
augmented thymidine-5"-triphosphate (TTP) analogues as steric
probes. In these TTP analogues (T"TP) the 4-hydrogen of the
sugar is substituted with alkyl groups (—CH;, —CH,CH; and
—CH(CH,),), with gradual expansion of their steric demand
(Scheme 1).5%%% We conducted pre-steady-state kinetic meas-
urements in order to obtain information about nucleotide
binding and incorporation, and by these means we were able
to derive experimental evidence for varied active site con-
straints of these two polymerases.

[ NH [ NH R: - CH,
N/J*o N/&O -CH,CH,
PPPO~ PPPO~ - CH(CH,),
H R
OH OH 6 o 0o
PPP: —P-0-P-0~P-O
TP T"TP o~ o o

Scheme 1. Thymidine-5"-triphosphate (TTP) and the steric probes.
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Results

Time course of single-turnover, single-nucleotide
incorporation

We first analysed the single-turnover, single-nucleotide incor-
poration kinetics of T"TP into a 24/36 nt primer/template (p/t)
by KF~ and Dbh, respectively. In order to ensure that the ob-
served single-turnover rate of incorporation is limited by inter-
nal rate-limiting kinetic parameters, rather than by binding pa-
rameters, which occurs when concentrations below the satura-
tion level are used, we carefully examined binding affinities of
the incoming dNTP (see section below). All experiments were,
if possible, carried out under saturating concentrations of p/t
and nucleotide (for details see corresponding Figure legends
and Table 1).

In Figure 1A the time courses of T*TP incorporation by KF~
are illustrated in a comparative manner. In agreement with ear-
lier findings by Dahlberg et al.,"® we observed a biphasic burst
of product formation for incorporation of T"TP by the poly-
merase. Fitting of the experimental data to a double-exponen-
tial equation yielded burst rates (k,,; and k,,) of (230 £13) s
and (1.6+0.3) s". Analysis of the experimental data for TV*TP
incorporation with a double-exponential equation gave rates
of (5.7+0.4)s™" for kyy; and (0.94+0.18) s™' for Ky, The in-
corporation of TY*TP had thus resulted in a clear drop (40-fold)
in the fast burst rate whereas the slower rate was not affected.
A further increase in the size of the alkyl substituent to ethyl
yielded an incorporation rate of (3.240.1s7"), which was only
slightly reduced in relation to the k,,, value in the case of
TV*TP. However, no second burst phase could be observed for
this nucleotide. A further increase in the steric demand of the
nucleotide substrate through the usage of T*'TP caused a
more significantly pronounced drop in the incorporation rate
in relation to the unmodified substrate T*TP (11000-fold).

Unlike in the case of KF~, incorporation of T"TP by the Dbh
bypass polymerase occurs in a monophasic burst of product
formation (Figure 1B) with a rather slow incorporation rate of
(0.64+0.03) s7', as recently described.”™ The incorporation of
TY*TP resulted in a twelvefold reduction in the rate down to
(0.0540.002) s7". An increase in the size of the alkyl substitu-
ent to ethyl resulted in a slightly reduced rate of (0.02+

25-mer / nm

=z

25-mer / nm

0 50 100 150 200
t/'s

Figure 1. Single-turnover, single-T"TP, -TY*TP or -T¥TP incorporation into 24/
36 DNA/DNA p/t by KF~ and Dbh. The curves show the best fit of the data
to a double or single exponential equation. A preformed complex of 200 nm
KF~ (A) or 1.5 um Dbh (B) and 100 nm p/t was rapidly mixed with 400 um
TTP (0), 600 um TY*TP (o) or 500 um TETP (2) in the case of KF~ (A), or with
3 mm T'TP (0), 0.8 mm TYTP (o) and 0.7 mm TETP (2) in that of Dbh (B).
The analysis of the KF~ data yielded two burst rates (k.o and k) of (230 £
13) s and (1.6+0.3) s~ for the incorporation of T"TP and (5.7 4-0.4) s and
(0.94+0.18) s~' for the incorporation of TV*TP. The relative distributions of
these two burst amplitudes were 68 nm and 24 nm for TTP, corresponding
to the fast and the slow rates, respectively, and 70 nm and 29 nwm for TVeTP.
A single-exponential analysis was applied for the incorporation of T*TP and
yielded a k,, value of (3.2£0.1) s™". The best fit of the experimental data for
Dbh to a single-exponential equation resulted in incorporation rates of
(0.6£0.02) s™' for T'TP, (0.05+£0.002) s~ for TV*TP and (0.02 +0.004) s~' for
TETP.

0.001) s7". Unlike in the KF~ case, T"'TP proved to be a poor
substrate for Dbh, so we were unable to measure any incorpo-
ration rate faithfully.

Table 1. Summary of the pre-steady-state parameters for modified nucleotide incorporation and misinsertion.
TP Ky T'TP Kool Incorporation efficiency™ Relative incorporation  RIE Selectivity
[um] [s7" [um's7] efficiency® KF~/ factor™

KF~ Dbh KF~ Dbh Dbh KF~ Dbh Dbh KF~ Dbh

Opposite A:

H 33+£1.0 590+55 230413 0.6 £0.02 1x1073 1 1 - - -

Me 44+6.0 175+10 57+04 0.050.002¢ 1.3x107" 3x107* 1.8x1072 3x107" 0.06 54 3

Et 53+49 330421 3.2+0.1 0.02 £ 0.004 6x1072 6x107° 86x107° 6x1072 0.15 mz 17

iPr 3673 0.02+0.001 55x107* 8.0x107° 12700

Opposite G:

H 540430 1300£100 0.02+0.001 0.0024+0.0001¥ 4x107° 1.5%x107° 57x107° 1.5x1073 0.004

Me  190£15 0.0005£0.0001  0.0007 £0.0001  3x107° 4x1077

[a] Incorporation efficiency (k,./Ky). [b] Relative incorporation efficiency (RIE) [(Kpo/Kg)rerpl/[(Kpoi/Ka)rerel. [c] Calculated as [(kooyKa)rre/ (Kool Kganaloguel - [d] Not

measured under saturating nucleotide concentrations due to substrate inhibition.
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T*TP binding affinity for correct nucleotide insertion

We next examined the binding affinities of both enzymes for
each T*TP nucleotide used in this study, by measuring the de-
pendence of the pre-steady-state burst rate on the T"TPs’ con-
centrations (Figure 2). The best fit to a hyperbolic equation re-
lating the rate of incorporation to the nucleotide concentration
yielded T"TP dissociation constants (K4 values) of (334 1.0) um
and (590+55) um for KF~ and Dbh, respectively, consistently
with previous measurements.'>#*%2 Analysis of the binding

A) 120
100
T 80
(2]
L 60
©
40
20
0
B) 0.05
0.04
T 0.03
w
[0]
‘é 0.02
0.01
0
0 200 400 600 800
TRTP / um

Figure 2. Dependence of the pre-steady-state burst rate on the T"TP (o),
TMTP (o) or T*TP (A) concentration. Increasing amounts of T'TP were rapidly
mixed with a preformed complex either of 200 nm KF~ (A) or of 1.5 pm

Dbh (B) and 100 nm p/t. Reactions were quenched after t,,, of the maximal
pre-steady-state rate (see the Experimental Section). Data were fitted to a
hyperbolic equation, yielding K, values for KF~ of (334 1) um for T"TP, (44 +
6.0) um for TM*TP and (53 £4.9) um for TTP, and for Dbh of (590 +55) um
for T*TP, (175+£10) um for T**TP and (330+21) pum for T*TP. The observed
rates given on the left y-axis correspond to T"TP and the ones on the right
to T**TP and T*TP.

affinities for T"TP resulted in K; values of (44+6.0) um and
(175+£10) pm for KF~ and Dbh, respectively. A further increase
in the size of the nucleotide through the introduction of an
ethyl group at the sugar ring resulted only in a slight change
in binding affinity, with a K; of (53+4.9) um in the case of KF~
and a Ky of (330+21) pum in that of the Dbh polymerase. Final-
ly, the T"'TP analogue was shown to bind KF~ with affinities
similar to those of the unmodified T'TP (Table 1). As described
above, Dbh does not incorporate T"TP, so we were unable to
measure the binding affinity of the Y-family polymerase for this
nucleotide analogue by the technique applied in this study.
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Single-turnover nucleotide misincorporation of T*TP
opposite a G template

In a next step we analysed the misincorporation of T*TP oppo-
site a G template by the two DNA polymerases in order to
gain insights into whether the size expansion by 4’-alkylation
has an effect on fidelity. As described above, all experiments
were performed under saturating nucleotide concentrations if
possible. Since, in the case of Dbh, the misincorporation rates
were too slow to be measured with the quenched flow appa-
ratus, experiments were performed manually. Figure 3 shows
the time courses of misincorporation of T"TP and TM¢TP either
by KF~ or by Dbh. The curves show the best fit of the experi-
mental data to a single-exponential equation. For KF~ we
determined burst rates of (0.02+£0.001)s™' for T"TP and
(0.000540.0001) s™' for T**TP. The Dbh bypass polymerase
showed a rate of (0.002+0.0001) s™' for the misincorporation
of T"TP. However, we observed extension of less than 30% of
the substrate by one nucleotide—relative to correct nucleotide
incorporation—which was suggestive of nonproductive
enzyme-substrate complexes. This effect was even more pro-
nounced when TV*TP was used. Here, only about 10% of the

A) 60|:)

60
40

40 2

2
c
=
]
£
o]
34

25-mer / nm

0 2000 4000

t/'s

=z

25-mer/ nm

0 2000

4000
t/'s

6000

Figure 3. Single-turnover kinetics of misincorporation of T*TP and T*TP op-
posite a G template into 24/36 DNA/DNA p/t by KF~ and Dbh. A preformed
complex of 100 nm p/t and 200 nm KF~ (A) or 1.5 um Dbh (B) was rapidly
mixed with T*TP (0) or T"*TP (0) and quenched at the time points indicated.
Preferably to ensure saturating dNTP concentrations, 3 mm T*TP and 2 mm
TVMTP (KF™) or 4 mm T"TP and 4 mm TV°TP (Dbh) were used. The solid lines
show the best fits of the data by use of a single-exponential equation. Anal-
ysis of the experimental data yielded burst rates of (0.02+0.001) s™' and
(0.0005 £0.0001) s~* for T"TP and TV*TP (KF). In the case of Dbh, rates of
(0.002+£0.0001) s" and (0.0007 +0.0001) s~' for T"TP and TTP were ob-
tained. The inset shows the reaction on a shorter timescale.
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substrate was extended, with a rate of (0.0011+0.0002s7").
Interestingly, in the case of the Dbh polymerase the misincor-
poration rates of T"TP and TV*TP differ only marginally.

T*TP binding affinity for incorrect nucleotide insertion

Analogously to the experiments described above, we also de-
termined nucleotide binding affinities for the misincorporation
of T*TP opposite a G template (Figure 4). For KF~ the best fit of
the experimental data to a hyperbolic equation yielded K s of
(540+30) um for T*TP and (190 £ 15) um for T**TP. For Dbh we
were able to derive a K, value of (13004 100) um when mis-
incorporating T"TP opposite a G template. Unfortunately we
were not able to determine an accurate binding constant for
the Dbh/TY*TP interaction in the situation of non-Watson-Crick
base pairing; this was due to a drastic reduction in product
formation as described above. As a result, the signal dropped
below the detection limit of the denaturating PAGE analysis,
making a quantitative analysis unfeasible. However, the finding
that the maximum observable rate of TM*TP misincorporation
did not further increase even on raising the concentration of
the nucleotide beyond 4 mm (compare Figure 3) indicates that
the measurements were indeed performed under saturating

0.0015
0.00125
0.001
0.00075
0.0005
0.00025
[u! 0
0 1000 2000 3000 4000
TRTP / pm
B) 0.0025
0.002
T, 0.0015
o
o 0.001
0.0005
0
0 2000 4000 6000
TTP/ um

Figure 4. Dependence of the pre-steady-state rate of misincorporation of
T*TP opposite a G template on the T"TP concentration. Increasing amounts
of T*TP were rapidly mixed with preformed complexes of either A) 200 nm
KF~ or B) 1.5 um Dbh and 100 nm p/t. Reactions were quenched after t,,, of
the maximal pre-steady-state rate (see Figure 2). Data were fitted to a hyper-
bolic equation, yielding Ky values for KF~ of (540 +30) um for THTP and
(1904 15) um for T**TP and for Dbh of (1300 100) um for T*TP. The ob-
served rates given on the left y-axis correspond to T"TP (o) and the one on
the right to TY*TP (o).
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nucleotide concentrations (data not shown). Therefore it can
be concluded that the K, value for T"*TP is at least in the same
range as for T"TP.

Discussion and Conclusion

In this study we examined the role of active site tightness on
the DNA polymerase fidelity of the exonuclease-deficient E. coli
DNA polymerase | (KF™) and the archaeal Y-family DinB homo-
logue (Dbh) of Sulfolobus solfataricus with the help of steric
nucleotide probes (T*TP) exhibiting varying steric demand due
to the presence of size-augmented sugar residues without al-
teration of hydrogen bonding capability, by performing pre-
steady-state kinetic measurements for the first time (for a sum-
mary see Table 1). If the hypothesis of active site tightness as a
major factor for nucleotide discrimination holds true, such nu-
cleotide analogues should be an indicator, as has already been
shown for HIV-1 reverse transcriptase (RT).**** One could
expect that size-augmented nucleotides would be better pro-
cessed in the incorporation step by a more promiscuous DNA
polymerase than by the more selective counterparts.

The substitution of the hydrogen at the 4'-position of the
nucleotide sugar ring with a methyl group led to an approxi-
mately 40-fold decreased pre-steady-state incorporation rate in
the case of KF~, while the incorporation of T*TP by this
enzyme showed only an approximately 1.8-fold further decline
in the incorporation rate. The bulkiest T*'TP is incorporated
with a 11000-fold drop in rate in relation to the unmodified
counterpart. Methyl and ethyl groups are thus relatively well
tolerated, whereas any further increase in steric demand results
in a significant reduction in the observed incorporation rates.
On the other hand, the effects of the modifications on nucleo-
tide-binding affinities are only marginal. Even the bulkiest
probe—T"TP—showed a binding affinity for KF~ as high as
the natural nucleotide. Remarkably, we observed a biphasic
burst of nucleotide incorporation by KF~, although, under the
experimental conditions chosen, one would expect a single
burst of product formation, as was the case with Dbh. At pres-
ent we can only speculate about the underlying mechanisms.
Then again, we have observed similar behaviour for HIV-1 RT.
This was eventually interpreted on the basis of two different
RT-p/t complexes: a productive enzyme/substrate complex ca-
pable of nucleotide incorporation and a nonproductive com-
plex that has to undergo an isomerisation before dNTP incor-
poration can occur.?®* In this context it is interesting to note
that Rothwell and Waksman have recently identified two Klen-
taq1/nucleic acid substrate complexes,“? so it is quite feasible
that KF~ shows similar behaviour.

Overall, the findings described above recall at least to some
extent what was observed with HIV-1 RT when analogous stud-
ies were performed.”® However, there are striking differences
between the two polymerases. RT also incorporates TY*TP and
THTP with diminished rates in relation to T"TP, although the
reduction is more pronounced, with about a 180-fold initial
drop, while the binding affinities for the modified nucleotides
are only slightly affected (less than a factor of two). For T*'TP
the situation is different. Here the incorporation is only about
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3000 times slower, while the binding affinity drops by ca. 30-
fold. In total, RT is about seven times more stringent than KF~
in discriminating against the incorporation of T"'TP. Interesting-
ly, a similar difference in discrimination is observed for the
other two analogues, although the underlying mechanisms are
different. This clearly indicates different steric constraints
during the progression of nucleotide incorporation from initial
binding to the chemical step of these two DNA polymerases.

The Dbh, on the other hand, showed just a twelvefold re-
duction in the transient T™*TP incorporation rate relative to
THTP. A further increase in the size of the steric probe to THTP
resulted only in an additional twofold drop in the incorpora-
tion rate. Analysing the affinities of the different T*TP ana-
logues for Dbh, we did not observe any decrease in binding.
Quite the opposite: there was even an increase in affinity for
T™*TP and T®TP. This finding could imply that the analogues fit
better into the active site because of their expanded sizes and
are probably able to make more stabilizing hydrophobic inter-
actions within the nucleotide binding pocket. Thus, the profi-
ciency of this enzyme for accommodation of sterically more
demanding nucleotides supports the notion of a looser and
more flexible active site of the enzyme.

It has been suggested that because of their larger, sterically
more “open” active sites, Y-family DNA polymerases such as
the Dbh polymerase are competent in processing size-altered
nucleotide pairs.*”? One other model suggests that these en-
zymes surround the nascent base pair closely but are more
flexible, in order to accommodate larger base pairs.”® It was
discussed on the basis of the crystal structure of a ternary
complex of the related Dpo4 bypass DNA polymerase that
only a few polar contacts of the enzyme to the bound nucleo-
tide can be assigned, in contrast to DNA polymerases exhibit-
ing higher fidelity.®” Nonetheless, the same structure suggests
that the enzyme packs closely with the sugar residue of the
bound nucleotide triphosphate through Y12,5” which corre-
sponds to F12 in Dbh, so that a 4’-alkyl substituent would not
fit without perturbation of the local enzyme conformation
(Figure 5). As a consequence, binding of a 4-modified steric
probe must be accompanied by a significant rearrangement of
amino acid side chains.

Misincorporation of T"TP by KF~ led to a 10000-fold reduc-
tion in the single-turnover incorporation rate. These findings
are in good agreement with earlier studies by Kuchta et al."¥
The nucleotide affinity decreased by a factor of 16. A compari-
son of the misincorporation of T*TP and TV*TP opposite a G
template showed that the presence of the methyl group in the
sugar moiety surprisingly caused an increase of about three-
fold in nucleotide binding, whereas the incorporation rate was
reduced by about 14-fold. Again there are striking differences
between HIV-1 RT and KF~. Performing analogous experiments
we found that the affinity of RT for T*TP had dropped by 57-
fold in relation to T"TP, while the difference in incorporation
was only twofold.**

Single-turnover misincorporation of T"TP by Dbh led to a
300-fold reduction in the incorporation rate. At the same time,
nucleotide affinity merely dropped by a factor of two. Essen-
tially, there was no drastic further reduction in rate when TV°TP
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Figure 5. Bound dNTP in the ternary complex of Dpo4 DNA polymerase. The
Connolly surfaces are shown in a close-up view highlighting the contact of
the dNTP and Y12. The model is based on PDB code 2AGQ.*”

was misincorporated. Notably, on misincorporation of T*TP by
Dbh only about 30% of the primers were extended. This was
even more pronounced when T"*TP was incorporated opposite
to a G template. A possible explanation for this observation
could be that a substantial percentage of substrates are bound
in a nonproductive geometry. This could be due to missing
Watson-Crick base pairing, which during correct incorporation
might help in stabilizing the substrates in a catalytically com-
petent orientation. As outlined above, there are few contacts
of the enzyme to the bound nucleotide. Accordingly, without
proper base pairing the substrate might end up misaligned
within the active site. As described under “Results”, no exact
determination of the K, value of T"*TP during misincorporation
was possible. An increased affinity of TYTP in relation to T*TP,
as has been observed for correct nucleotide insertion, would
explain the additional drop in primer extension during mis-
incorporation of this analogue through further stabilization of
misaligned substrates. Such a scenario could also explain why
we were unable to observe any incorporation of T"'TP even
opposite an A template. It is quite feasible that T"'TP indeed
binds to Dbh but is not incorporated because of severe sub-
strate misalignment.

During correct incorporation, both polymerases—KF~ as well
as Dbh—tolerate all sugar-modified nucleotides up to the size
of at least an ethyl group at the 4’-position. However, one
should keep in mind that the two polymerases differ in their
TTP incorporation efficiencies by a factor of about 7000 in
favour of KF~ (see Table 1). As outlined above, TPTP binding to
Dbh is likely but could not be experimentally proven. There is
thus no major discrimination during the initial nucleotide bind-
ing step (formation of a low-affinity collision complex). Accord-
ingly, nucleotide selection must occur during subsequent
steps. Our own kinetic studies indicated that the rate-limiting
step of nucleotide incorporation by Dbh is most probably not
associated with a conformational change of the finger
domain.”®! Therefore, the observed nucleotide incorporation
rate most probably represents the chemical step. This finding
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is in good agreement with a recent structural study of yeast
Pol 1 in different complexes with a cisplatin-GG adduct.*® The
observed increase in binding affinity of the size-augmented
probes during correct incorporation and a mere twofold drop
in affinity during misincorporation can be explained in terms
of a very flexible dNTP binding pocket in the bypass DNA poly-
merase. The fact that the alkyl groups at the 4’-position in the
sugar moiety allow stronger interaction in the nucleotide bind-
ing pocket than the natural substrate leads to the conclusion
that the observed reduction in the incorporation rate is proba-
bly a consequence of more unfavourable positioning for the
nucleophilic attack of the primer 3’-hydroxyl group. These find-
ings are consistent with a recent report of a Y-family DNA poly-
merase that employed nonpolar nucleobase surrogates with
varied steric demand, in which small size preference was also
found.®® The analysis of misincorporation shows a similar pic-
ture. Here the nucleotide binding pocket accepts the noncom-
plementary nucleotide without a drastic change in incorpora-
tion rates.

For KF~ the situation is less clear. There are several reports
favouring a conformational change (closure of the finger
domain to a tight ternary complex) as the rate-limiting step of
correct nucleotide incorporation.'>62%4- More recent stud-
ies have provided some evidence for the chemical step as
being rate-limiting.”® Interestingly, a recent study on Klentaq
by Rothwell and Waksman implies the participation of the tem-
plating base in dNTP ground state selection: that is, an initial
rearrangement of the templating base before dNTP binding
and/or fingers subdomain closure.*? Thio analogue experi-
ments have suggested the chemical step to be rate-limiting
during misincorporation.'¥ Our data concerning correct incor-
poration of T"TP, TM*TP and T*TP are consistent with the con-
cept of a conformational change being the major determinant
of discrimination. However, we cannot currently entirely rule
out the chemical step of nucleotide incorporation being rate-
limiting for these T*"TP analogues, because the analogues are
not well aligned for the nucleophilic attack such as we pro-
pose for Dbh. The high affinity of KF~ for TP'TP clearly shows
that this polymerase has a rather spacious nucleotide binding
pocket able to accommodate even large modifications. Hence,
the observed drastic drop in the incorporation rate might also
be due to an unfavourable position of the substrate for nucle-
ophilic attack. In contrast to Dbh, discrimination by KF~ during
misincorporation clearly arises through a reduced binding af-
finity for the nucleotide along with a reduced incorporation
rate. Whether this reduced incorporation rate is affected by an
induced-fit mechanism or misalignment remains to be eluci-
dated.

In summary, despite the continuing lack of a rigorous under-
standing of the mechanism of DNA polymerase fidelity, our re-
sults support the notion that varied active site tightness is well
suited to explain at least certain aspects of the varied selectivi-
ties and substrate spectra of the investigated DNA poly-
merases. Obviously, more work is needed in order to access
whether these conclusions also hold true for other members
of the investigated DNA polymerase families, as well as for
other families.
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Experimental Section

Proteins: Full-length Dbh was expressed and purified as de-
scribed.” Recombinant KF~ was expressed in E. coli strain M15.
Cells were grown at 37°C in LB medium (5L), induced at an
0D600 of 0.7 by addition of isopropyl-p-p-thiogalactopyranoside
(IPTG; 1 mm) and harvested after 4 h. Cells were resuspended in
buffer A [Tris/HCI (100 mm), pH 8.0, with NaCl (1 m)] and lysed by
sonication with added phenylmethylsulfonyl fluoride (1 mm). After
centrifugation the supernatant was loaded onto a Ni-NTA column
(10 mL, Qiagen) and eluted by use of an imidazole gradient. KF~-
containing fractions were pooled and dialysed against buffer B
[Tris/HCI (50 mwm), pH 7.6, with NaCl (50 mm) and glycerol (10%)]. A
further purification step included a S75 26/60 gel filtration column
(GE Healthcare), yielding 99% pure protein. Enzyme concentration
was routinely determined by use of an extinction coefficient at
280 nm of 55330m 'cm ! in buffer C [guanidinium hydrochloride
(6 M) and sodium phosphate (20 mwm), pH 6.5].

Buffers: All experiments were carried out at 25°C in a buffer con-
taining Tris/HCl (50 mm, pH 8.0) and MgCl, (10 mm). Annealing
buffer consisted of Tris-HCl (20 mm, pH 7.5) and NaCl (50 mm).

Modified thymidine-5'-triphosphates: 4'-Modified thymidine-5'-
triphosphates T'TP were synthesized as described previously.?”

Oligonucleotides: Oligodeoxynucleotides were purchased from
IBA (Gottingen, Germany) and purified by denaturing polyacryl-
amide gel electrophoresis [acrylamide (15%), urea (7 m)], followed
by elution from the gel by use of a Schleicher & Schuell Biotrap
unit. The sequence of the 24/36-mer DNA/DNA primer/template
(p/t) was 5-GTGGTGCGAAATTTCTGACAGACA and 5-GTGCGTCTG-
TCXTGTCTGTCAGAAATTTCGCACCAC (X=A for correct insertion;
X=G for misinsertion), respectively. Primer oligodeoxynucleotides
were 5-end-labelled with T4 polynucleotide kinase as described.”™
Primer and template oligodeoxynucleotides were annealed by
heating equimolar amounts in annealing buffer at 90°C, followed
by cooling to room temperature over several hours in a heating
block. The degree of completeness of the reaction was checked by
determining whether 100% of the primer of the hybridized and
radioactively labelled p/t could be extended by one nucleotide.
The samples were analysed on denaturing gels.

Rapid kinetics of nucleotide incorporation: Rapid-quench experi-
ments were carried out in a chemical quench-flow apparatus (RQF-
3, KinTek Corp., University Park, PA, USA). Reactions were started
by rapid mixing of the two reactants (15 uL each) and were then
quenched with trifluoroacetic acid (TFA, 0.6%) at defined time in-
tervals. All concentrations reported are final concentrations after
mixing in the rapid quench apparatus. Products were analysed by
denaturing gel electrophoresis [polyacrylamide (10%)/urea (7 m)]
and quantified by scanning of the dried gel with use of a phosphor
imager (Fuji FLA 5000). Data were evaluated by use of the pro-
gram Grafit (Erithacus Software). For pre-steady-state kinetics, a
preformed complex of p/t-polymerase [p/t (100 nm) with KF~
(200 nm) and Dbh (1.5 um), respectively] was rapidly mixed with an
excess of dNTP (100 um-4 mm) and stopped after various times in
the millisecond-second range. The experimental data were fitted
either to a single or to a double exponential equation [Eq (1)]:

[product] = AT1 —exp( k)] (1)

A is the amplitude of the burst, which reflects the concentration of
active p/t-bound enzyme at t=0. In the case of a biphasic burst of
product formation the above equation was extended by a second
exponential term. The effective pre-steady-state constants (k) at
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the given dNTP concentration are derived from the exponential
rates.

Affinities of T"TPs were determined from the dependence of the
pre-steady-state burst rate on the TFTP concentration. To measure
the affinities of the T*"TPs the preformed p/t-polymerase complex
was rapidly mixed with various concentrations of T"TPs and
quenched after 7,,, of the maximal pre-steady-state rate. The corre-
sponding rates were then calculated from the concentration of
elongated primer by converting the exponential equation into:

1—([P + 1]t/[P]0)
t(s)

[P], corresponds to the concentration of polymerase-p/t complex
available for incorporation at t=0 (burst amplitude), and t equals
the reaction time (t,,, of the maximum pre-steady-state rate). The
observed rates were plotted against the T"TP concentration, and
the dissociation constant (K,) was calculated by fitting the data to
a hyperbola.

k= —In ()

Misincorporation kinetics: In the case of Dbh, the misincorpora-
tion experiments were performed manually. Reactions were started
by mixing equal volumes (5 pL) of the two reactants and were
then stopped with trifluoroacetic acid (0.6%) after defined time
intervals. Products were analysed as described above. Dissociation
constants were determined as described in the previous section
with T’TP concentrations in the 1 um to 6 mM range.
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Cellular Dynamics of Ku: Characterization and Purification

of Ku-eGFP

Dennis Merkle,* Dan Zheng," Thomas Ohrt,”?

Ku is a predominantly nuclear protein that functions as a DNA
double-strand-break (DSB) binding protein and regulatory sub-
unit of the DNA-dependent protein kinase (DNA-PK). DNA-PK is
involved in synapsis and remodeling of broken DNA ends during
nonhomologous end-joining (NHEJ) of DNA DSBs. It has also re-
cently been demonstrated that Ku plays roles in cytoplasmic and
membrane processes, namely: interaction with matrix metallo-
proteinase 9, acting as a co-receptor for parvoviral infection, and
also interacting with cell polarity protein, Par3. We present a
method for creating stable expression of Ku-eGFP in CHO cells
and extend the procedure to purify Ku-eGFP for in vitro assaying.

Introduction

The Ku heterodimer, consisting of Ku70 and Ku80, was original-
ly identified as an autoantigen recognized in the sera of pa-
tients with autoimmune disease. Cells that lack either Ku70 or
Ku80 undergo premature senescence, are radiosensitive and
defective in DNA double-strand-break (DSB) repair. Animals
lacking Ku manifest numerous phenotypes including growth
defects, radiosensitivity, and immunodeficiency. Ku is pre-
dominantly a nuclear protein with high affinity for DSBs in
vitro and in vivo (reviewed in ref. [2]). Crystallographic analysis
of Ku has revealed that both subunits contribute to a cradle-
like structure that completely encircles the DNA double helix,
much like a bead on a string.”’ As a regulatory component of
the DNA-dependent protein kinase (DNA-PK), Ku is important
for facilitating the repair of DSBs by nonhomologous end join-
ing (NHEJ). It is postulated that during the initial steps of
NHEJ, Ku binds the DSB termini and subsequently recruits and
activates the catalytic subunit of DNA-PK (DNA-PKcs). Auto-
phosphorylation of the active DNA-PK holoenzyme facilitates
end processing, termini alignment, and ultimately ligation.”

Recently, the less abundant cytoplasmic population of Ku
has gained interest. Expressed on the surface of a subset of
cells, Ku contributes to cell-cell adhesion and the migration
process of activated monocytes.” It has been demonstrated to
function with matrix metalloproteinase 9 to facilitate cell ad-
hesion with fibronectin®® and also serves as co-receptor for
human parvovirus B19 infection, regulating viral entry into
target cells.”

The past decade has seen great advances in the implemen-
tation of fluorescence techniques. Fluorescence correlation
spectroscopy (FCS), fluorescence resonance energy transfer
(FRET), and fluorescence recovery after photobleaching (FRAP),
among others, have become increasingly popular to study pro-
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We demonstrated that Ku-eGFP localizes to the nucleus of HelLa
cells upon microinjection into the cytoplasm as well as localizing
to laser induced DNA damage. We also characterized the diffu-
sional dynamics of Ku in the nucleus and in the cytoplasm using
fluorescence correlation spectroscopy (FCS). The FCS data suggest
that whereas the majority of Ku (70%) in the nucleus is mobile
and freely diffusing, in a cellular context, there also exists a sig-
nificant slow process fraction (30%). Strikingly, in the cytoplasm,
this immobile/slow moving fraction is even more pronounced
(45 %).

tein, lipid, small ligand, and DNA dynamics both in vitro and in
vivo. Researchers examining NHEJ have directly applied many
of the above mentioned fluorescence techniques to elucidate
how the various molecular players in the pathway interact and
function.®'? Although only beginning to be understood, the
role of Ku within the cytoplasm is clearly highly divergent from
its well-established role within NHEJ and the nucleus. To date,
no clearly evident fundamental differences between nuclear
and cytoplasmic Ku have been observed. To gain insight into
the potentially differential properties of Ku within the nucleus
and cytoplasm, we performed a biophysical analysis of eGFP-
tagged Ku expressed in mammalian cells. Both in vitro and in
vivo, eGFP-Ku conforms to the anticipated activity of functional
Ku. Using fluorescence correlation spectroscopy (FCS) to assess
the diffusional dynamics of Ku, we find that cytoplasmic Ku is
substantially less mobile than its nuclear counterpart, suggest-
ing that it is actively constrained.
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Results

Stable transfection of human Ku80-eGFP in CHO XrSé cells

We transfected CHO XrS6 cells with a construct for human
Ku80 fused to eGFP. The resulting cells expressed eGFP fluores-
cence stably and showed an expected predominant nuclear lo-
calization, indicative of Ku (Figure 1A). In contrast, CHO XrS6
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Figure 1. CHO XrS6 cells stably express Ku80eGFP. A) Laser scanning micro-
scope images of Ku-eGFP expressing cells shown in phase contrast (left),
509 nm fluorescence (middle), and merged (right). Scale bars are 10 um.

B) Immunoblots against Ku80 and Ku70 in whole cell extracts from wt CHO,
XrS6, and XrS6-Ku80eGFP transfected cells. C) Immunoblot against eGFP
from whole cell extracts of wt CHO, XrS6, and XrS6-Ku80eGFP transfected
cells, as well as, purified eGFP. o is an abbreviation for an immunoblot with
antibody directed against, in this case eGFP. D) wt CHO, XrS6, and XrS6-
KuB0eGFP cells were treated with 2.5 um of etoposide for 1 h and then incu-
bated in fresh media for 48 h. Cells were then stained with trypan blue and
counted. Ratios are expressed on the y-axis as a total number of viable eto-
poside treated cells versus the viable cell count from the same line treated
with a corresponding amount of DMSO as a control.

cells transfected with eGFP alone demonstrated a homogene-
ous cellular distribution (no preference for nuclear or cytoplas-
mic localization), and could not be stably maintained (see Fig-
ure 5D and E, below). To verify that the eGFP was fused to
Ku80 we performed an immunoblot against Ku80, Ku70 (Fig-
ure 1B), and eGFP (Figure 1C) from whole cell extracts of wild-
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type (wt) CHO, CHO XrS6, and CHO XrS6-Ku80eGFP cells. Im-
munoblot analysis revealed the fusion of eGFP to Ku80 by an
observed and characteristic shift in molecular weight of ap-
proximately 30 kDa (the size of eGFP) in the Ku80 band within
the CHO XrS6-Ku80eGFP cells (ca. 116 kDa), as compared to
the wt Ku80 appearing with the expected 86 kDa size (Fig-
ure 1B). In addition, it has been demonstrated that in the ab-
sence of Ku80, the Ku70 subunit is unstable in vivo (and vise
versa)."*" Immunoblot analysis revealed that Ku70 was stabi-
lized in the XrS6-Ku80eGFP cells to a similar degree as wt CHO
cells versus the nontransfected XrS6 cells (Figure 1B). In addi-
tion, we examined the same extracts by immunoblot with re-
spect to eGFP. Both CHO wt and CHO XrS6 cells were negative
for eGFP, whereas the CHO XrS6-Ku80eGFP cell line did cross-
react with the anti-eGFP antibody (Figure 1C). As a control we
loaded purified eGFP alone into a well, which was also recog-
nized in the eGFP immunoblot. It can be seen that the eGFP in
the CHO XrS6-Ku80eGFP cells is indicative of Ku80-eGFP fusion
protein with a shifted molecular weight at approximately
116 kDa (corresponding well with the position of the band
from the Ku80 immunoblot), versus the band at approximately
30 kDa for eGFP alone. Taken together, these results demon-
strate that Ku80eGFP is expressed in the CHO XrS6 cell line
and this expression leads to the stabilization of Ku70.

Cells lacking either Ku subunit, such as the Ku80 deficient
CHO XrS6 line, are deficient in the repair of DNA DSBs. It has
been shown that complementing XrS6 cells with human Ku80
rescues this DSB repair-deficient phenotype'>'” and we next
wanted to verify that complementation of XrS6 cells with our
Ku80eGFP construct also rescued DNA DSB sensitivity in the
stable transfected cells. We assessed the survival of wt CHO,
CHO XrS6, and CHO XrS6-Ku80eGFP cells with respect to recov-
ery after DNA DSB induction with etoposide. Etoposide is a
chemotherapeutic compound known to cause DNA DSBs in
cells via topoisomerase Il inhibition."® Cells were treated with
etoposide (2.5 um) for one hour, washed, and incubated for
48 hours in fresh medium. After two days, viable cells were
counted and compared to DMSO controls. Figure 1D displays
the results of the survival assay. It is clear that XrS6é cell survival
is severely compromised after DNA DSB induction as compared
to CHO wt (approximately 20% compared to wt cell survival).
In contrast, the XrS6-Ku80eGFP cells showed a marked recov-
ery in survival after etoposide treatment (approximately 80%
compared to wt CHO cell survival). These results indicate that
we have created a stable cell line expressing functional Ku-
eGFP and we next sought to purify the intact hamster Ku70/
human Ku80eGFP heterodimer.

Purification of Ku-eGFP heterodimer

Ku-eGFP was purified to an approximate homogeneity of
>95% from stably transfected XrS6-Ku80eGFP cells (8.4 L; see
the Experimental Section; Figure 2 A). The protocol required at
least four chromatographic stages and yielded approximately
23pug of stable Ku-eGFP. Ku70 and Ku80eGFP coeluted at all
stages of purification and Ku-eGFP had a high affinity for DNA
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Figure 2. Purification of Ku-eGFP. A) Immunoblots against Ku70 and Ku80
during each stage of the purification procedure. P = prefraction, whereas the
numbers indicate the two peak fractions from each column elution. B) Coo-
massie blue stain of purified Ku-eGFP next to that of purified wild-type
human Ku heterodimer. MW = molecular weight marker, with each number
indicative of the molecular weight of each corresponding band.

cellulose. The purified heterodimer contained equimolar ratios
of Ku70 and Ku80-eGFP, as judged by Coomassie staining.

Ku-eGFP stimulates DNA-PK autophosphorylation at threo-
nine 2609

It has been shown that in vitro DNA-PKcs has weak kinase ac-
tivity that is stimulated approximately tenfold upon the addi-
tion of Ku in vitro."*2 In vivo, it is clear that DNA-PK activity
and recruitment is dependent upon the presence of Ku.'? The
primary substrate of DNA-PK is DNA-PKcs itself, and so we ex-
amined the ability of our Ku-eGFP to support DNA-PKcs auto-
phosphorylation. DNA-PK autophosphorylation was assessed
(see the Experimental Section) using either purified Ku or Ku-
eGFP. Both the endogenously expressed Ku and Ku-eGFP sup-
ported DNA-PKcs autophosphorylation to a similar degree; this
indicated that the eGFP tag did not affect the ability of Ku to
bind DNA and recruit and activate DNA-PK (Figure 3). As a con-
trol we also demonstrated that Ku-eGFP-stimulated DNA-PK ac-
tivity was also inhibited by the fungal metabolite, wortmannin,
a well-characterized PI3-kinase (and DNA-PK) inhibitor (Fig-
ure 3)."?

Nuclear localization of microinjected Ku-eGFP in Hela cells

Nuclear localization signals (NLSs) in Ku have been shown to
mediate transport into the nucleus.?"?? Indeed, we observed a
clear nuclear localization preference for the stable transfected
CHO XrS6-Ku80eGFP cells (Figure 1). In order to test whether
the hamster/human hybrid Ku-eGFP also preferentially localizes
to the nucleus in human cells, the purified Ku-eGFP was micro-
injected into the cytoplasm of HelLa SS6 cells (Figure 4). Within
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Figure 3. Ku-eGFP is capable of stimulating DNA-PK autophosphorylation at
threonine 2609. Immunoblots against Ku70, Ku80, DNA-PKcs, and DNA-PKcs-
PhosphoThr2609 (a is an abbreviation for immunoblot with antibody direct-
ed against the listed respective proteins). All reactions were performed un-
der kinase reaction conditions, containing CT-DNA and Mg-ATP. Lane 1: wt
Ku alone. Lane 2: Ku-eGFP alone. Lane 3: DNA-PKcs alone. Lane 4: DNA-
PKcs 4wt Ku. Lane 5: DNA-PKcs + Ku-eGFP. Lane 6: DNA-PKcs 4+ wt Ku+ WM.
Lane 7: DNA-PKcs + Ku-eGFP + WM. WM = wortmannin.

Figure 4. Microinjected Ku-eGFP into the cytoplasm of Hela cells localizes
to the nucleus. Ku-eGFP was microinjected into A) healthy growing and

B) dead Hela SS6 cells. Within minutes the Ku-eGFP 509 nm emission was
predominantly localized to the nucleus in the living cell (A) whereas the
nuclear translocation to the nucleus of the dead cell was impaired (B). Left
panels are phase contrast images, middle panels are 509 nm fluorescence
images, and right panels are merged images. Scale bars are 20 um.

minutes, Ku-eGFP was located predominantly in the cell nu-
cleus (Figure 4 A). Ku-eGFP did not enter the nucleolus in both
CHO and Hela cells (shown as dim circular stained nuclear fea-
tures, Figures 1A and 4A). As a comparison, microinjected Ku-
eGFP in the cytoplasm of dead cells did not localize to the
nucleus, presumably because of impaired nuclear transport
(Figure 4B, notice the large bleb).
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Ku-eGFP localization to laser induced DNA damage in cells

It has been demonstrated that a focused, pulsing laser can be
a potent inducer of DNA DSBs in vivo.”""'>23 Herein, we used
a two-photon laser to produce DNA DSBs in both the stable
transfected Ku-eGFP CHO cells and the Ku-eGFP microinjected
Hela cells described above (Figure 5). Cells were cut linearly
such that no obvious cellular damage could be visualized with
DIC optics on the microscope (data not shown). In contrast,
fluorescence imaging revealed a bright green “stripe” appear-
ing along the laser track representing the accumulation of Ku-
eGFP at sites of DNA damage (Figure 5A, C, and F). Both con-
trol experiments on CHO cells transfected with eGFP alone (nu-
clear and cytoplasmic, Figure 5D and E) or laser damage in the
XrS6-Ku80eGFP cell cytoplasm (Figure 5B) did not indicate any
localization of the eGFP fluorescence to the laser track. Taken
together, these results demonstrate that the hamster Ku70/
human Ku80eGFP heterodimer is capable of localizing to laser
induced DNA damage in both hamster and human cells, and
that this localization is nucleus specific (that is, DNA-depen-

Figure 5. Ku-eGFP localizes to DNA damage induced by a pulsed two-
photon laser in both XrS6-Ku80eGFP cells and Ku-eGFP-microinjected Hela
SS6 cells. A) and C) Laser tracks across the nucleus of Ku-eGFP expressing
XrS6 cells. White lines are set as a guide of the laser track and were placed
approximately parallel and next to the actual laser track. Panel A demon-
strates a single track, and in Panel C a “cross-hair” was tracked. B) Laser track
through the cytoplasm of an XrS6-Ku80eGFP cell shows no Ku-eGFP localiza-
tion. D) Laser track through the nucleus of eGFP expressing XrS6 cells does
not result in eGFP localization to the laser path. E) Laser track through the
cytoplasm of eGFP expressing XrS6 cells does not result in eGFP localization
to the laser path. F) Laser track through the nucleus of a Ku-eGFP microin-
jected Hela SS6 cells results in Ku-eGFP localization to the laser path.
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dent) and not an eGFP artifact or due to mass cellular laser
damage.

Fluorescence correlation spectroscopy for the characteriza-
tion of Ku-eGFP diffusion

Finally, we sought to examine the diffusion dynamics of Ku-
eGFP in the cell nucleus and in the cytoplasm using fluores-
cence correlation spectroscopy. As a control, these experiments
were performed in unison with cells transfected with only eGFP.
Figure 6 shows typical FCS curves obtained in XrS6 cells for
A) Ku-eGFP and B) eGFP for both the nucleus (dashed lines) and
the cytoplasm (solid lines). Fits of the data confirmed previous
observations for eGFP dynamics in cells, specifically, we ob-
served an average diffusion coefficient for eGFP of (2.75+
042)x107" m%*™" (n=8) in the nucleus and (2.93+0.37)x
107" m%™' (n=6) in the cytoplasm. These “fast” diffusing frac-
tions were predominant in the order of 87 £5% (n=14) of the
diffusing species, whereas there also existed a “slow process”
component of approximately 13%. We applied the same two
component fit parameters to the XrS$6-Ku80eGFP cells yielding
diffusion coefficients for Ku-eGFP of the order of (1.43+£0.11)x
107" m%™' (n=15) for the nucleus and (1.3840.15)x
107" m%™" (n=15) for the cytoplasm. Interesting was the pres-
ence of a significant “slow process” fraction. The fast diffusing
component of Ku-eGFP in the nucleus was a clear majority of
70+6% (n=15) versus a significant, but smaller, 30+6% (n=
15) slow fraction diffusing at a rate of (7.96+1.22)x 10> m% ™"
(n=15). In contrast, the cytoplasmic Ku-eGFP had approximately
equal amounts of fast and slow moving components, with the
fast fraction consisting of approximately 55+2% (n=15) versus
an approximate 45+2% slow moving fraction diffusing at a
rate of (6.47+£1.62)x10"* m%*™"' (n=15). In solution, the puri-
fied Ku-eGFP diffused at a rate of (2.12+0.36)x10 " m%* ™" (n=
3), an expected decrease in diffusion times when comparing
globular protein diffusion in cells to that in buffered solu-
tion.2*?*1 Accordingly, we observed a diffusion coefficient of pu-
rified eGFP in solution at approximately 7-7.5x 107" m%~' (data
not shown) versus 2.8-2.9x 107" m%~" in vivo.

Discussion

In this study we describe the establishment of a stable trans-
fected Ku80eGFP cell line, including an efficient procedure for
the purification of Ku-eGFP heterodimer. We purified the
hybrid human Ku80eGFP/hamster Ku70 to approximately
>95% with a final yield of 23 ug from an initial cell pellet of a
confluent 8.4L culture. The protocol used herein was heavily
based upon previously published papers for Ku from human
placenta and Hela cells.”*? The purified Ku-eGFP was capable
of stimulating DNA-PKcs autophosphorylation at threonine
2609, a site shown to be phosphorylated in vivo as a response
to ionizing radiation (IR) induced DNA DSBs,”*” as effectively as
wild-type Ku, indicating that the eGFP fusion does not signifi-
cantly interfere with Ku-DNA binding, translocation, or DNA-
PKcs interaction. We also characterized Ku-eGFP with respect
to cellular localization to the nucleus, localization to laser in-
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Figure 6. Typical FCS curves and corresponding fit residuals for Ku-eGFP and eGFP in CHO XrS6 cells. Figures represent fits of the raw data. Residuals of the
data fits are shown in the lower panels. A) FCS curves of Ku-eGFP in the XrS6 nucleus (----- ) and cytoplasm (—). Fitting of these data indicate that in the nu-
cleus there is a 76 % fast moving fraction at a diffusion coefficient of 1.42x 10" m?s™" and a 24 % slow process fraction, 9.41x 107> m?s™". The cytoplasmic
Ku-eGFP is also in two fractions, a 57 % mobile fraction (1.36x 10~ m?s~") and a 43 % immobile fraction (10.35x10~"" m?s~"). B) FCS curves of eGFP in the

XrS6 nucleus (----- ) and cytoplasm (—). Fitting of these data indicate that in the nucleus there was a predominant (> 84 %) mobile fraction with a diffusion

time of 2.81x 107" m?s™" whereas in the cytoplasm the fast component was also dominant (> 86 %) with a diffusion time of 2.99x 10"

duced damage sites, and ability to rescue the DNA DSB defi-
ciency inherent in the XrS6 cell line and all control experiments
indicated that Ku-eGFP behaves as native Ku.

It has been demonstrated in several studies that DNA
damage induced by lasers elicits the recruitment of a wide va-
riety of NHEJ and DNA damage proteins, including Ku, to the
“laser track” (i.e., the region of the nucleus illuminated with
the laser beam.” "> |n both our stable Ku80eGFP expressing
cells and in the Ku-eGFP-microinjected Hela SS6 cells this ob-
servation was consistent. The laser power used in the current
study was of the order of 5J per pulse with a beam radius of
approximately 0.31 um, comparable to powers and beam sizes
(and hence comparable amounts of DNA damage, that is,
1000-1500 DNA breaks produced at the beam focus) used in
the previous studies using a similar laser setup."” This results
in Ku-eGFP localization to the laser track within seconds of irra-
diation (Figure 5). At very high laser powers one can severely
damage the cell (i.e., burn a hole), and in our experiments we
confirmed the absence of massive cellular damage with DIC
optics, which can also distinguish “laser tracks” in the cyto-
plasm under high laser intensity settings (data not shown).

Most interesting was the examination of the Ku-eGFP diffu-
sional behavior in the XrS6 cells with fluorescence correlation
spectroscopy. FCS has become a popular, reliable, and sensitive
technique for detailed examination of protein, lipid, and nucle-
ic acid dynamics in vivo.”*>% We observed a two component
diffusion fit to the data representing; 1) a fast, mobile fraction
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of approximately 1.43-1.38x10 """ m%™" in both the nucleus

and cytoplasm and 2) what we termed a “slow process” frac-
tion of approximately 7.96-6.47x10 " m? " in the nucleus
and cytoplasm. Although we do report herein the diffusion
times of the slow fraction, the exact values are likely not signif-
icant because of limitations of FCS in examining such process-
es.23 |n order to examine such slow diffusing phenomena,
one requires very long illumination times, and this can result in
photoinduced artifacts.®" This fact also makes it difficult to
comment upon the exact cause of the slow process. That is, it
may represent subcellular confinement and immobility of Ku,
and/or dynamic processes such as binding and unbinding to
membranes, chromatin, and/or cytoskeletal components (we
are currently examining these in more detail). Nonetheless, the
diffusion times observed for the mobile Ku-eGFP were very
reasonable when compared to that of eGFP. There exists a
direct relation between the ratio of molecular weights (M,,) of
the two globular proteins and the ratio of their respective dif-
fusion times (Tp) [Eq. (1)]:

/3

[TD'protein 1/tD-protein 2] = [MWprotein 1/MWprotein 2}1 (1)

The hydrodynamic radius is proportional to the cubic root of
the volume, V,, (for a spherical particle), which in turn scales
with the mass (m) of the particle (with the density (p)). For
globular molecules, the hydrodynamic radius, Ry, is therefore
proportional to the cubic root of the molecular mass. Thus, it
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is possible to calculate the hydrodynamic radius if the viscosity
and dimensions of the detection volume are known, or to esti-
mate the mass of an unknown particle in relation to a protein
of well-known mass.®¥ The molecular weight of eGFP is ap-
proximately 30 kDa, and we characterized its cellular diffusion
times at approximately 376 and 353 us in the nucleus and cy-
toplasm respectively (calculated from the relation of the re-
spective diffusion coefficients and the axial radius of the focal
volume of our instrument, see the Experimental Section). Ap-
plying these values to Equation (1) with the diffusion times for
Ku-eGFP in the nucleus and cytoplasm (725 and 750 ps, respec-
tively), one would estimate a molecular weight for Ku-eGFP of
approximately 215-288 kDa. These values are very reasonable
compared to the expected 186 kDa MW of Ku-eGFP, within the
error for our data and resolution limits for FCS.® The cell inte-
rior is a crowded and compact space, filled with various organ-
elles and multiprotein complexes. The larger a protein is, the
more confined the diffusion within the cell, and hence it is not
surprising to see the Ku-eGFP diffusing in vivo at slower
speeds. In solution it has been shown that the diffusion times
of globular proteins are 3-10 times faster than in the cell.*>3¢
We observed a faster diffusion time in buffer, approximately
488 ps, for Ku-eGFP, versus the approximate 725-750 ps diffu-
sion time in vivo, however the effect may not be considered as
drastic as expected (< 3). Perhaps the 3D structure of the Ku
heterodimer contributes to the diffusion, as the protein is
shaped much like a basket (not ideally globular), with a broad
base that cradles the DNA double helix through a small loop
of polypeptide chains encircling the helix®! This basket-like
structure may result in differing diffusional properties of the
Ku-eGFP, with respect to eGFP alone. In addition, the DNA
binding cradle of the Ku heterodimer possesses a positive
charge, and hence may be prone to “stick” or interact with
negatively charged cellular components.® Furthermore, if a
portion of the diffusing Ku protein is interacting with other
proteins (e.g., DNA-PKcs) this can also result in an observed
slower mean diffusion.

Also interesting was the distributions of the fast and slow
process fractions of Ku-eGFP in both the nucleus and cyto-
plasm. It has been shown that eGFP exists predominantly in a
fast/free diffusing state (approximately 90%, in good agree-
ment with our data)®3? whereas for Ku-eGFP both the cyto-
plasmic and nuclear slow process fractions were significant (ca.
30% and 45% respectively). This may suggest that approxi-
mately 30% of nuclear Ku could be immobilized (chromatin as-
sociated?). It has been shown that Ku plays critical roles in te-
lomere maintenance and interacts directly with hTR, the RNA
component of human telomerase. It has also been suggested
that Ku can interact with certain transcriptional promoter re-
gions.’”-*) These processes, along with endogenous DNA DSBs
in an already highly condensed chromatin environment, may
explain the observed slow components of the Ku diffusion.
More striking is the 45% immobile fraction found in the cyto-
plasm. Ku has been shown to be present in the cytoplasm,
albeit to a much lesser extent that in the nucleus.***" Howev-
er, recently it has been demonstrated that Ku interacts at the
plasma membrane with matrix metalloproteinase 9 (MMP9)™

1256

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

P. Schwille et al.

and can interact with the cell polarity protein Par3, which is
known to interact with actin."? In addition Ku has been shown
to be a co-receptor for parvovirus cell infection and facilitate
cell adhesion to fibronectin.®” These studies have demonstrat-
ed a clear role for Ku outside the nucleus, and hence, whereas
Ku is less abundant in the cytoplasm, it clearly plays critical
roles in non-nuclear processes. Immobilization (or binding and
unbinding) to cytoskeletal components and other slow diffus-
ing or membrane-associated protein complexes may explain
this high degree of the “slow” component in the FCS data.
FRAP has been previously used to examine the dynamics of
nuclear Ku-eGFP and Ku-YFP in response to laser induced DNA
damage.”""'? These studies were primarily focused on Ku dy-
namics in the cell nucleus and do not provide a detailed analy-
sis, quantification of diffusion coefficients, or distributions of
fast and slow diffusing fractions. In addition these previous
studies emphasized the kinetics of localization of Ku to laser
induced DNA damage sites.”"'? Nonetheless, it has been
demonstrated that in the nucleus, the majority of Ku-eGFP is
in a mobile fraction diffusing at more or less the same rate as
other proteins of similar molecular weight (although no specif-
ic diffusion times were assigned)." This supports our observed
diffusion coefficient of 1.43x10™" m?~' for Ku-eGFP in the nu-
cleus, and the corresponding estimated molecular weight of
215 kDa from comparison to nuclear eGFP diffusion with Equa-
tion (1). Again, the most striking result we observed was that
approximately 70% of the nuclear Ku is diffusing freely (in the
context of the cell nucleus) whereas this mobile fraction signifi-
cantly decreases to 55% in the cytoplasm. This highlights an-
other advantage of FCS, as it is an incredibly sensitive tech-
nique (single molecule sensitivity) it can be used to access dy-
namics of low abundant species, such as cytoplasmic Ku.?*3%
In order to successfully apply FRAP, one needs a significant
amount of fluorescence expression, and this may explain why
FRAP studies on Ku were confined to the nucleus, where Ku is
very abundant. It will be interesting to examine the dynamics
of Ku diffusion in the nucleus and cytoplasm upon DNA DSB
induction as well as the change in Ku dynamics upon cytoske-
letal rearrangements. These experiments are currently in prog-
ress and will be elaborated upon in a future study. It should be
noted that FCS can in theory also access subcellular concentra-
tions (i.e., the G(T) value is inversely proportional to the
number of particles (n) diffusing within the focal volume). We
did not report these values as there were variations in the
amount of Ku-eGFP and eGFP expressed from one individual
cell to another (this can be seen in the difference in fluores-
cence intensity of the two cell nuclei in the bottom left corner
of Figure 1A, middle panel, and the two cells in Figure 5D, for
example). Nonetheless it was clear from measurements on sim-
ilar intensity cells that the nuclear fractions contained a higher
abundance of Ku-eGFP than the cytoplasm, whereas this was
not the case for the eGFP transfected cells (data not shown).

Conclusions

To summarize, we have demonstrated that Ku-eGFP is a pow-
erful biophysical tool for the examination of NHEJ dynamics in
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vivo and in vitro. In fact, a multitude of fluorescence biophysics
studies of Ku have been successfully by applied using FRET to
examine Ku translocation internally on DNA upon DNA-ligase
IV/Xrcc4 binding,® FCS and FCCS (fluorescence cross-correla-
tion spectroscopy) to examine phosphorylation-dependent
DNA-PK complex associations in solution,"'” fluorescence aniso-
tropy to examine the effects of salt ions on Ku-DNA interac-
tions in solution,” and FRAP to study the dynamics of Ku-DSB
localization in the cell nucleus.”"'? We also present an effi-
cient protocol for the isolation of Ku-eGFP and demonstrate,
for the first time, that it is functional in both in vitro and in
vivo assays. Finally, we examined the dynamics of Ku-eGFP
using FCS in vivo, for the first time, in both the cell nucleus
and cytoplasm and demonstrate that microinjection of Ku-
eGFP (and other fluorescence-labeled proteins, for that matter),
can provide valuable insight into the dynamics of cellular local-
ization.

Experimental Section

Materials: All salts and chemicals used, unless otherwise stated,
were purchased from Sigma.

Cells and cell culture: Adherent Hela SS6 cells were cultured in
an 8.5% CO, humidified incubator at 37°C in DMEM (Invitrogen,
41966) with fetal bovine serum (FBS; 10%, Cambrex, DE14-802F)
and were regularly passaged at subconfluency. Adherent CHO K1
wt cells were cultured in Alpha-MEM (Invitrogen, 22571) supple-
mented with FBS (10%), CHO XrS6 cells were cultured in MEM
(Sigma, M2279), supplemented with FBS (10%), MEM nonessential
amino acids (Invitrogen, 1140-035), and L-glutamine (2 mm, Invitro-
gen, 25030-024). The stable transfected CHO XrS6-eGFP-Ku80 cell
line was cultured as regular XrS6 with additional Geniticin
(1 mgmL™', Invitrogen, 10131-027) as selection antibiotic. All CHO
cells were incubated with 5% CO, and were regularly passaged at
subconfluency.

For experiments with the cell lines mentioned, 6.0x 10* cellsmL™"
were transferred onto MatTek chambers coated with poly-b-lysine
(0.1 mgmL™" in PBS, P7280 Sigma) 24 h before microinjection. Cells
were washed twice with air buffer [150 mm NaCl, 20 mm Hepes pH
7.4, 15 mm glucose, 54 mm KCl, 0.85 mm MgSO,, 1.7 mm CaCl,,
0.15 mgmL™" BSA, 46 mm trehalose] and incubated in air buffer for
15 min prior to confocal imaging, FCS, or microinjection.

Ku80-eGFP plasmid generation: A pWay vector for the expression
of full length human Ku70 and Ku80 fused to eGFP at the C termi-
nus was a kind gift of Dr. W. Rodgers (Oklahoma Medical Research
Foundation). Transfection of these plasmids could not be sustained
stably. Instead Ku80 was amplified from the pWay20Ku80eGFP
plasmid utilizing the expand high fidelity PCR system (Roche) with
primers directed against Ku80: CTCAGATCTCCATGGTGCGGTCGG-
GGAAT and AAGGATCCCTATATCATGTCCAATAAATCGTCCA.

The purified Ku80 gene fragment was ligated into pGEM-T vector
(Promega). Ku80-pGEM-T was electroporated into XL-1 Blue bacte-
ria for amplification utilizing blue-white screening on LB agar
plates with ampicillin, X-Gal+IPTG. Amplified Ku80-pGEM-T was
purified with a miniprep plasmid DNA purification kit (Qiagen) and
sequenced with T7 and SP6 primers.

Ku80-pGEM-T and pEGFP-C2 vectors (Clontech) were digested with
Bg1ll and BamHI (MBI Fermentas) and the pEGFP-C2 vector de-
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phosphorylated with calf intestine alkaline phosphatase (Fermen-
tas). The excised Ku80 gene fragment and the digested pEGFP-C2
vector were subsequently purified with a gel extraction kit
(Qiagen). Finally, the Ku80 insert was ligated into the pEGFP-C2
vector using T4 DNA Ligase (NEB). The resulting pEGFP-C2-Ku80
plasmid was then electroporated into XL-Blue bacteria and plated
on LB agar with kanamycin. Positive clones were selected for am-
plification and sequencing of the pEGFP-C2-Ku80 vector, used
below to express Ku80eGFP (fused at the N-terminal end of Ku80).

Stable transfection of Ku80eGFP into CHO XrSé6 cells: Circular
PEGFP-C2-Ku80 plasmid was linearized with Eco31l (Fermentas)
prior to transfection with Lipofectamine 2000 (Invitrogen). CHO
XrS6 cells were seeded at 4x10%cellsmL™ in a six-well plate
(Nunc) 24 h before transfection (reaching approximately 50% con-
fluency). Transfection was carried out using linearized DNA (1150
ng per well) and lipofectamine (6 uL per well). All steps were car-
ried out according to the manufacturer’s specifications. After 4.5 h
of incubation with the lipoplex solution at 37°C and 5% CO,,
medium was exchanged to prevent toxic effects of the transfection
reagent. Cells were trypsinized and seeded into T25 flasks (25 cm?,
Nunc) after 24 h, followed by addition of the selection antibiotic
G418 after 48 h. Another passage of the cells was performed six
days after transfection into T75 flasks (75 cm? Nunc), leading to
subconfluency after three additional days, when cells were pre-
pared for recloning in 96-well plates (Nunc). Fluorescent colonies
derived by single cells within certain wells were trypsinized and
seeded in 24-well plates and progressively subcultivated into six-
well plates and T25 and T75 flasks. Positive clones were confirmed
with PCR after cell lysis and by Western blot analysis (see below).

Cell survival assay: CHO wild type, CHO XrS6, and CHO XrSé6-
Ku80eGFP cells were seeded in six-well plates at 2x10* cells mL™'
(total of three wells per cell line, one for control purposes (DMSO),
and two for etoposide treatment). Etoposide stock in DMSO
(50 mm) was diluted in PBSM (to 500 um) and subsequently added
to the cells in fresh medium (at a final concentration of 2.5 um).
For controls, the remaining wells were incubated with an equiva-
lent concentration of DMSO. Cells were incubated at 37°C and 5%
CO, for one hour followed by media removal, two washes with
fresh medium (2 mL), and were subsequently incubated for 48 h.
Finally the cells were trypsinized, resuspended in medium, and
centrifuged at 200 g for 4 min. Cell pellets were resuspended in
PBSM (200 pL) and treated with Trypan blue (0.1 mL of 0.4%
Trypan Blue Stain) for 2 min at room temperature. Total and dead
(blue stained) cells from each well were counted in a hemocytome-
ter. The total number of viable cells from each well was deter-
mined by subtracting the number of dead cells from the total cell
count. The cell survival assay was expressed as a ratio of viable
cells in the etoposide treated wells divided by the number of
viable cells in the corresponding DMSO control wells, for each cell
line; CHO wt, CHO XrS6, and CHO XrS6-Ku80eGFP.

Purification of Ku-eGFP: CHO XrS6-Ku80eGFP cells (8.4L) were
cultured to confluence as described above. The cells were trypsi-
nized, resuspended in PBS containing FBS (10%), and centrifuged
(5 min, 200g, 4°C). The pellet was washed once with PBS, once
with low salt buffer [LSB: 10 mm Hepes pH 7.4, 25 mm KCl, 10 mm
NaCl, 1 mm MgCl2, 0.1 mm EDTA], then resuspended in twice the
packed cell volume of LSB containing protease inhibitors and DTT.
Extract was snap frozen in liquid nitrogen and stored at —80°C
until further purification. From this point on, all buffers used con-
tained a cocktail of DTT (0.1 mm), PMSF (0.2 mm), pepstatin A
(0.1 ugmL™"), and Benzamidine (0.1 mm).
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Frozen cell pellets (37 mL) were thawed and extracted with high
salt buffer [HSB: 20 mm Tris-HCI pH 8.0, 5m NaCl, 100 mm MgCl,,
0.1 mm EDTA, 10 mm DTT] (to a final concentration of 500 mm
NaCl), incubated on ice for 15 min, and centrifuged at 30000g for
25 min at 4°C. The supernatant was removed and stored on ice.
Protein concentrations were determined using a NanoDrop ND-
1000 spectrophotometer. Unless otherwise stated, all subsequent
steps were carried out at 4°C.

The supernatant (27.5 mL) was dialyzed against tris buffer with KCl
(75 mm; TB/75 mm KCI) until the conductivity was equivalent. The
sample (total protein 388.75 mg) was applied to a @2.5cmx8 cm
DEAE-Sepharose fast flow (Amersham Biosciences) equilibrated in
TB/75 mm KCl. The column was washed with TB/75 mm KCl, and
sequentially eluted with TB/175 mm KCl and TB/750 mm KCl. Ku-
eGFP eluted in the TB/175mm KCl fractions (20 fractions of
10 mL). The presence of Ku-eGFP in column fractions was resolved
by SDS-PAGE and immunoblotting.

Ku-eGFP-containing fractions from the DEAE column (total protein
56.4 mg) were pooled, dialyzed against TB/75 mm KCl, and applied
to a 21.5 cmx8 cm column of SP-Sepharose fast flow (Amersham
Biosciences) equilibrated in TB/75mm KCl. The SP-Sepharose
column was washed with TB/75 mm KCl, and sequentially eluted
with TB/175 mm KCl and TB/750 mm KCl. Ku-eGFP eluted in the
TB/175 mm KCI fractions (70 fractions of 1-1.5 mL). The presence
of eGFP-Ku in column fractions was resolved by SDS-PAGE, immu-
noblotting, and Coomassie blue staining.

Ku-eGFP-containing fractions from SP-Sepharose column (total pro-
tein 4.83 mg) were pooled, dialyzed against TB/75 mm KCl, and
applied to a @1.0cmx1.0cm column of single-stranded DNA
(ssDNA) cellulose equilibrated in TB/75 mm KCI. The ssDNA column
was washed with TB/75 mm KCl, and eluted with a linear gradient
of TB/75 mm KCl to TB/750 mm KCl. Ku-eGFP eluted at approxi-
mately 270 mm KCl (40 fractions of 0.75 mL). Ku-eGFP was resolved
by SDS-PAGE, immunoblotting, and Coomassie blue staining.

Ku-eGFP containing fractions from ssDNA cellulose column (total
protein 0.75 mg) were pooled, dialyzed against TB/75 mm KCl con-
taining 0.02% (v/v) Tween-20 (TBT), and applied at a flow rate of
1T mLmin~' to a 1 mL MonoQ HR5/50 GL FPLC column (UNICORN
4.11, Amersham Bioscience) pre-equilibrated in TBT/75 mm KCl.
The MonoQ column was washed with TBT/75 mm KCl and eluted
with a controlled linear gradient of TBT/75 mm KCl to TBT/750 mm
KCl over 90 min. Ku-eGFP eluted at approximately 240 mm KCl
(100 fractions of 0.5 mL). The presence of Ku-eGFP in column frac-
tions was resolved by SDS-PAGE and immunoblotting.

Fractions containing purified Ku-eGFP were pooled (final yield of
23 pg), concentrated (0.33 pum) using a VivaSpin 15R (5000 MWCO,
Sartorius AG), aliquoted, frozen in liquid nitrogen, and stored at
—80°C. Because of potential photosensitivity, Ku-eGFP was stored
protected from light.

DNA-PK autophosphorylation assay: Purified Ku-eGFP (0.25 ug) or
Ku (0.25 ug) was preincubated alone, or in the presence of DNA-
PKcs (0.75 pg) at 30°C for 20 min in reaction buffer [25 mm Hepes
pH 7.5, 75 mm KCl, 10 mm MgCl,, 0.1 mm EDTA, 0.2 mm EGTA],
plus sonicated calf thymus DNA (CT-DNA; Fluka; 10 pgmL™"), DTT
(1 mm), and ATP (0.25 mm) to a final volume of 20 uL. The reaction
was initiated by ATP. Where indicated, wortmannin (WM; 150 nm
final concentration) was preincubated with DNA-PKcs for 15 min
prior to being added to the reaction. Purified DNA-PKcs was a gen-
erous gift from Prof. Dr. David Chen, University of Texas Southwest-
ern Medical Center. Wild-type (wt) Ku heterodimer used for control
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experiments was purified from HelLa SS6 cells as described above
for Ku-eGFP.

Immunoblotting: Ku-eGFP samples and kinase assay samples were
resolved by 8% SDS-PAGE, and transferred to nitrocellulose at
100 V for 60 min in electroblot buffer [48 mm Tris-HCl, 39 mm gly-
cine, 20% (v/v) methanol]. A mouse monoclonal antibody to
human Ku80 (ab2173, Abcam) was used to identify Ku80eGFP. Ku-
eGFP heterodimer was also probed by immunoblotting with a
rabbit polyclonal antibody to hamster Ku70 (ab10878, Abcam) and
by rabbit polyclonal antibody against eGFP (ab290, Abcam). Phos-
phorylated DNA-PKcs was probed by a phosphospecfic mouse
monoclonal antibody specific to phosphothreonine (Thr) 2609 of
DNA-PKcs (ab18356, Abcam).

Confocal microscopy and fluorescence correlation spectroscopy
(FCS): Cell imaging and FCS was performed using a commercial
ConfoCor 2 laser scanning microscope (LSM; Zeiss, Jena, Germany)
with an argon ion laser (488 nm, 25 mW, at 18% of maximum
power output). A Zeiss C-Apochromat water immersion objective
40x, NA=1.2 (Zeiss) was used with an adjustable pinhole set at
70.5 um to ensure a confocal geometry. A band-pass filter transmit-
ting 505-550 nm (Zeiss) was used to separate the eGFP fluores-
cence signal. In order to avoid saturation of the fluorescence inten-
sity in the scanned images the detector settings were optimized
by using the range indicator feature provided by the Zeiss soft-
ware [Operating Manual LSM510, Zeiss, Jena, Germany]. FCS meas-
urements were performed by epi-illuminating the sample with the
488-nm Ar laser (I,,~ 1.2 kWcm™). The excitation light was reflect-
ed by a dichroic mirror (HTF488) and focused onto the sample by
the same objective as for the LSM. The fluorescence emission was
recollected back and sent to an avalanche photodiode via a 505-
530 nm bandpass filter. Out-of-plane fluorescence was reduced by
a pinhole (90 um) in front of the detector. The laser focus was posi-
tioned either within the cell nucleus or cytoplasm away from the
plasma membrane or nuclear envelope, or within a buffered solu-
tion containing either free purified Ku-eGFP, eGFP, or AlexaFluor488
(Invitrogen). The fluorescence temporal signal was recorded and
the autocorrelation function G(r) was calculated according to
ref. [44]. The apparatus was calibrated prior to each experiment by
measuring the known three-dimensional diffusion coefficient of
AlexaFluor 488 (Invitrogen) in solution (4.14x 107" m%~ )" The
detection area on the focal plane was approximated to a Gaussian
profile and had a radius of ~ 0.20 um at 1e? relative intensity.
Data fitting was performed with the Levenberg-Marquardt nonlin-
ear least-squares fit algorithm (ORIGIN, OriginLab, Northampton,
MA). The fitting equation made use of a two-dimensional Brownian
diffusion model, assuming a Gaussian beam profile [Eq. (2)]:

1A/ +1/14)]

60 = = (o )2

)

where (C) is the two-dimensional time average concentration of
the species i in the detection area Ay and 7,4, is the average resi-
dence time of the species i. The diffusion coefficient D; for the spe-
cies i is inversely proportional to 7. For cellular FCS measure-
ments, only one measurement per cell nucleus or cytoplasm was
performed with one measurement defined as the average of ten
acquisition rounds of 10 s, to minimize the effects of photobleach-
ing. The corresponding average correlation curve was exported to
Microcal Origin and the data fit as described above.

Laser induced DNA damage in cells: A home-built setup was es-
tablished and consisted of 1) a Mira Optima 900-F (Coherent) two-
photon laser with 800-nm wavelength, 76 MHz repetition rate of
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the pulses, 150 fs duration per pulse; 2) a beam expander; 3) the
neutral density filter (OD=1.4); and 4) a microscope (Olympus IX
71) including a dichroic mirror and a water immersed 60xIR/1.2
NA objective (Olympus UPlanApo). The focused laser beam has a
focal volume of approximately 0.24 fL.

The two-photon laser, with a power of 4.38 mW, was moved linear-
ly across the nucleus of cells to form DSBs shown as Ku-eGFP local-
ized stripes later under fluorescent light (each cell nucleus was illu-
minated for approximately 5-10s). Laser damaged cells were
imaged as described above. No trace of laser damage was visible
using differential interference contrast (DIC) microscopy, and could
only be visualized by Ku-fluorescence localization in the nucleus.
The laser power was of the order of 5.1x 107 J per pulse (approxi-
mately 1.4 MWcm™2).

Microinjection: Purified Ku-eGFP was concentrated (to 6.1 um) by
Microcon YM-3 spin tubes (MWCO=3000 Da, MilliPore). Ku-eGFP
was loaded in the micropipette (Femtotip 2, Eppendorf) and inject-
ed into the cytoplasm of Hela SS6 cells as previously described.“®
The micromanipulator consists of a FemtoJet and InjectMan NI2
(Eppendorf) which was mounted directly on an Olympus micro-
scope IX-71. Working pressure for injection in adherent cells was
between 45-90 hPa for 0.1 s and a holding pressure of 35-40 hPa.
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Boolean Logic Gates that Use Enzymes as Input Signals

Guinevere Strack, Marcos Pita, Maryna Ornatska, and Evgeny Katz*®

Biochemical systems that demonstrate the Boolean logic opera-
tions AND, OR, XOR, and InhibA were developed by using soluble
compounds, which represent the chemical “devices”, and the
enzymes glucose oxidase (GOx), glucose dehydrogenase (GDH),
alcohol dehydrogenase (AlcDH), and microperoxidase-11 (MP-11),

Introduction

Computing performed by chemical systems upon variations of
concentrations of reactive species is a novel direction in un-
conventional computing."? Chemical systems have been used
to perform different computing operations that mimic various
electronic elements, such as logic gates,®>* switches,®® and
memory units.””¥ Computing operations have previously been
performed by chemical reactions that proceed in solutions®'®
or at chemically modified interfaces."! Variation of different
physical parameters, such as light,">'¥ magnetic field,"” elec-
trical potential,"®'” or changes in chemical compositions, for
example, pH changes,"® have been used to switch the states
of the molecular systems and activate various computing oper-
ations. Chemical systems were assembled in “devices” that per-
formed simple arithmetic operations (half-adder and half-sub-
tractor™'®2"), and mimicked electronic units (digital demulti-
plexer®? and keypad lock™). Further increases in complexity
of the chemical computing systems resulted in the integration
of single-functional “devices” in complex multifunctional com-
puting networks.?*? Chemical systems can solve computing
problems at the level of a single molecule;?” this results in
nanoscale computing units®® and allows parallel computation
by numerous molecules involved in various reactions.”” De-
spite the fact that chemical computing is a very rapidly devel-
oping area of research, the field is still in a very early experi-
mental and theoretical stage; however, a great future potential
is expected.®” Computing performed by biomolecular systems
(biocomputing)®" is one of the most promising branches in
unconventional chemical computing because of the complexi-
ty of biological materials and their unique properties, such as
selectivity of biocatalyzed reactions and specificity of biorecog-
nition processes. The biocomputing systems could include
DNA,B? proteins,* immunorecognition pairs,*? and whole
cells >

Recently developed enzyme-based logic gates! utilize
the specificity of enzymatic biocatalytic reactions to allow mul-
tiple simultaneous reactions that proceed in one solution with-
out interference and “cross-talk” between them. This has al-
lowed the assembly of computing “devices” (half-adder and
half-subtractor®”) and computing networks composed of
many concatenated logic gates that operate simultaneously in

36-38]
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which operated as the input signals that activated the logic
gates. The enzymes were used as soluble materials and as immo-
bilized biocatalysts. The studied systems are proposed to be a
step towards the construction of “smart” signal-responsive mate-
rials with built-in Boolean logic.

solutions.?? These logic gates were composed of soluble en-
zymes that operate as the molecular “devices” and accept cor-
responding substrates (e.g., glucose and H,0,) as chemical
input signals. In order to generate digitally encoded output
signals (the intensity of output signal “1” should be much
higher than the intensity of output signal “0”) the chemical
input signals were applied at high concentrations (0.3 m). In
the present work we have applied enzymes that operate as
the input signals that activate the logic gates upon addition of
catalytic quantities in the nanomolar range.

Results and Discussion

In all logic gates the spectral changes of the solutions above a
certain threshold value were considered to be output signal
“1", otherwise the output signal was considered to be “0”. The
spectral changes were induced by the reactions biocatalyzed
by added enzymes (soluble or immobilized), which were con-
sidered to be the input signal “1”. The absence of enzyme was
considered to be the input signal “0”, which would result in no
spectral changes (output signal “0”), when both enzymes are
absent (the input signals “0,0").

Logic gates that operate with soluble enzymes as the
catalytic input signals: the AND logic gate

The AND logic gate was composed of a solution containing
glucose, oxygen, and ABTS. The spectral changes in this solu-
tion originate from the biocatalyzed oxidation of ABTS; this re-
sults in increased absorbance in the range of 1=400-
440 nm."” This reaction proceeds only in the presence of MP-
11 as the biocatalytic input signal and H,0O, as the oxidizer (Fig-
ure 1A). However, H,0, does not exist in the original composi-
tion of the gate, and it is produced in situ only upon oxidation

[a] G. Strack, Dr. M. Pita, Dr. M. Ornatska, Prof. E. Katz
Department of Chemistry and Biomolecular Science
Clarkson University
Potsdam NY 13699-5810 (USA)

Fax: (+1)315-2686610
E-mail: ekatz@clarkson.edu
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Bioresponsive Logic Gates

of glucose by O,, which is bio-
catalyzed by GOx as the input
signal. Thus, addition of any of
two enzymes, either GOx or MP-
11, separately (input signals “0,1”
or “1,0”) does not result in the
oxidation of ABTS and does not
yield absorbance change in the
system. Only the addition of
both biocatalytic input signals,
GOx and MP-11 (input signals
“1,1"), results in the formation of
H,O, and then in the oxidation
of ABTS (Figure 1B). The optical
output signal was the measured
absorbance at A =415 nm, and it
was considered as “0” when
AA<0.03 and “1” when AA>
0.05 (Figure 1C). The observed
output signals correspond to the
features of the AND logic gate
(Figure 1D).

The OR logic gate

The OR logic gate was com-
posed of NAD' cofactor and
two reducing agents, glucose
and ethanol. The spectral
changes in this solution origi-
nate from the biocatalyzed re-
duction of NAD" to NADH (Fig-
ure 2A); this results in increased
absorbance in the range of A=
300-370 nm.*"  This reaction
proceeds in the presence of
either of the two added en-
zymes—AIcDH operating with
ethanol as the reductant (input
signals “0,1”") or GDH operating
with glucose as the reductant
(input signals “1,0")—or both of
them together (input signals
“1,1") to result in the formation
of NADH and the associated ab-
sorbance increase (output signal
“1";  Figure 2B). The optical
output signal was measured as
the absorbance at A=340nm,
and it was considered as “0"
when AA<0.1 and “1” when
AA>0.2 (Figure2C). The ob-
served output signals corre-
spond to the features of the OR
logic gate (Figure 2D).
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Figure 1. The AND logic gate that operated with the soluble enzymes as the input signals. A) Schematic represen-
tation of the system. B) Spectra obtained 2 min after the input signals: a) “0,0": without additions of GOx or MP-
11; b) “0,1”: after the addition of MP-11 (5.4x 107" m); c) “1,0": after the addition of GOx, (0.15 units); d) “1,1": after
the addition of GOx (0.15 units) and MP-11 (5.4x 1077 m). C) Bar presentation of the AND gate absorbance outputs
at A=415 nm. D) The truth table corresponding to the AND gate.
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Figure 2. The OR logic gate that operated with soluble enzymes as the input signals. A) Schematic representation
of the system. B) Spectra obtained 5 min after the input signals: a) “0,0”: without additions of GDH or AlcDH;

b) “0,1": after the addition of AlcDH (3.14 units); c) “1,0": after the addition of GDH (1.5 units); d) “1,1": after the
addition of AlcDH (3.14 units) and GDH (1.5 units). C) Bar presentation of the OR gate absorbance outputs at A =
340 nm. D) The truth table corresponding to the OR gate.
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The XOR logic gate

The XOR logic gate was composed of NADH, NAD™, ethanol as
the reductant, and H,0, as the oxidant. The spectral changes
in this solution originate from the biocatalyzed reduction of
NAD* to NADH upon addition of the reducing enzyme AlcDH,
or from the biocatalyzed oxidation of NADH upon addition of
the oxidizing enzyme MP-11 to give increased or decreased
absorbance in the range of 1=300-370 nm,”" respectively
(Figure 3 A). The oxidative reaction proceeds upon addition of

E. Katz et al.

The InhibA logic gate

The InhibA logic gate represents a modified version of the
XOR gate, where the TRUE (1) output signal is converted to
the FALSE (0) signal in the presence of the TRUE input signal in
channel A (the InhibB logic gate can be constructed in a similar
fashion). The InhibA logic gate was composed of NADH, etha-
nol as the reductant, and H,0, as the oxidant. The spectral
changes in this solution originate from the biocatalyzed oxida-
tion of NADH upon addition of the oxidizing enzyme MP-11;

this results in decreased absorb-

ance in the range of 1=300-

A) AleDH ME-IL B) b) 370 nm“" (Figure 4A). The addi-
@ @ 0.4+ ocooooaoooa%o tion of the reducing enzyme

o°° ) %o AlcDH as the input signal (input

Aceraldehyde 1O, 0.3 00:: vvvvww‘mwmvv:“oo signals “0,1") does not result in
r=-- NAD* % == =, T &5 vva:o any reaction because of the lack
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0.0 1 1 0 (Figure 4B). It should be noted

0.0 0.1 1,0

signal oyt

1.1

Figure 3. The XOR logic gate that operated with soluble enzymes as the input signals. A) Schematic representa-
tion of the system. B) Spectra obtained 5 min after the input signals: a) “0,0": without additions of AlcDH and MP-
11, b) “0,1”: after the addition of MP-11 (5.4x 1077 m); ¢) “1,0": after the addition of AlcDH (3.14 units); d) “1,1":
after the addition of AlcDH (3.14 units) and MP-11 (5.4x 1077 m). C) Bar presentation of the XOR gate absorbance

outputs at A =340 nm. D) The truth table corresponding to the XOR gate.

MP-11 as the biocatalytic input (input signals “0,1"), and the re-
ducing reaction proceeds upon addition of AlcDH as the bio-
catalytic input (input signals “1,0”); when the enzymes are
added separately this results in a change in the absolute value
of the absorbance. If both pathways, reductive and oxidative,
are activated in the presence of both biocatalytic inputs (input
signals “1,1") they compensate each other; this results in small
optical changes in the system. It should be noted that the ac-
tivities of both enzymes were optimized to provide similar re-
action rates for both reactions. The optical output signal was
measured as the absorbance at =340 nm, and it was consid-
ered as “0” when |AA|<0.15 and “1” when |AA|>0.2 (Fig-
ure 3C). The observed output signals correspond to the fea-
tures of the XOR logic gate (Figure 3D).
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that the activity of the reducing
enzyme AlcDH was selected so
that it was much higher than
the activity of MP-11; this kept
the NADH cofactor reduced
upon activation with both en-
zymes. The optical output signal
was measured as the absorbance
at =340 nm, and it was consid-
ered as “0” when |AA|<0.15 and “1” when |AA|>0.2 (Fig-
ure 4C). The observed output signals correspond to the fea-
tures of the InhibA logic gate (Figure 4D).

The AND logic gate that operated with immobilized
enzymes as the catalytic input signals

Application of immobilized enzymes in different biotechnologi-
cal systems is a well-known approach.*? In the present study
the biocatalysts, GOx and MP-11, were covalently bound to
glass beads were used as the input signals to activate the AND
logic gate. We also performed a similar modification procedure
for the immobilization of the biocatalysts on silicon wafers,
and used AFM and ellipsometry to characterize the modified
surfaces. The biocatalytic film thicknesses derived from the el-

ChemBioChem 2008, 9, 1260 - 1266
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Figure 4. The InhibA logic gate that operated with the soluble enzymes as the input signals. A) Schematic repre-
sentation of the system. B) Spectra obtained 5 min after the input signals: a) “0,0": without additions of AlcDH
and MP-11, b) “0,1": after the addition of MP-11 (5.4x 1077 m); c) “1,0": after the addition of AlcDH (5.14 units);

d) “1,1": after the addition of AlcDH (5.14 units) and MP-11 (5.4x 1077 m). C) Bar presentation of the XOR gate
absorbance outputs at 1 =340 nm. D) The truth table corresponding to the XOR gate.

lipsometry were about 2.1 and 5.8 nm for the immobilized
GOx and MP-11, respectively. If we compare the measured
thicknesses to the molecular dimensions derived from the mo-
lecular models™?—about 5 nm for GOx and about 1 nm for
MP-11—the results indicate that GOx was deposited in a single
monolayer that contained pinholes between the protein mole-
cules, whereas MP-11 formed a multilayer assembly on the sur-
face (about six layers of MP-11). High resolution AFM imaging
showed dense surface coverage of GOx with the individual
protein molecules visible as bright white spherical particles
(Figure 5A). The average diameter of these individual mole-
cules was about 5 nm according to the cross-section analysis.
The surface with the immobilized MP-11 layers shows high-

Figure 5. AFM tapping mode topography of: A) GOx and B) MP-11 immobi-
lized on silica wafers.

ChemBioChem 2008, 9, 1260 - 1266
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alyst and measuring the optical
absorbance of the products; this
gave the loading of about
0.4 pmol per bead. The experi-
mentally observed GOx loading
on the glass beads was about
fourfold higher than the amount
calculated from the ellipsometry
measurements performed on a
smooth solid support. This dis-
crepancy originates from the rough surfaces of the glass
beads.

The AND logic gate activated by the immobilized enzymes
has the same composition and performance as described
above for the soluble enzymes. The experimental results are
shown in Figure 6, and they have similar explanations to the
AND gate with the soluble enzyme inputs. It should be noted,
however, that this system represents the first example of logic
gates activated by immobilized enzymes and allows their mul-
tiple use as input signals.

Conclusions

The results presented here show that enzymes added to chem-
ical systems as biocatalytic input signals can generate output
signals that follow Boolean logic behavior. As a result of the
high turnover of the biocatalytic inputs, meaningful changes in
the systems could be obtained in the presence of small quanti-
ties of the enzyme inputs. The immobilized enzymes are able
to generate the logic output signals in the chemical systems;
they remain unchanged and ready for the next use. The
enzyme-activated logic gates could be coupled with signal-re-
sponsive materials that operate as actuators controlled by the
logic gate output signals. These “smart” materials will respond
to two input signals that are converted by the logic gate into
one output signal, which controls the properties of the materi-
al (e.g., porosity, density, absorbance, conductivity, etc.). The
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Immobilization of enzymes on a
solid support: Glass beads (1 mm
diameter, Turtle Rainbow®; Port-
land, OR, USA) were used as solid
support for enzyme immobiliza-
tion. The surface of the beads was
cleaned by treatment with piranha
solution (25% (v/v) of 30% H,0,,
and 75% (v/v) of 98% H,SO,) for
30 min, then washed several times
with water. (CAUTION! Piranha is a
vigorous oxidant. Piranha solution
reacts violently with organic sol-
vents and is a skin irritant. Extreme
caution should be exercised when
handling piranha solution.) Water
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night at room temperature (23+
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Figure 6. The AND logic gate that operated with the enzymes immobilized on glass beads as the input signals.
A) Schematic representation of the system. B) Spectra obtained 10 min after the input signals: a) “0,0": without

2°C). The silanized surface was
washed first with toluene and then
with ethanol and water to remove
unreacted materials. In order to
attach GOx covalently, the amino-
functionalized surface of the silan-

additions of GOx or MP-11, b) “0,1": after the addition of MP-11 (7.5 nmol); c) “1,0": after the addition of GOx

(0.48 nmol); d) “1,1": after the addition of GOx (0.48 nmol) and MP-11 (7.5 nmol). C) Bar presentation of the AND
gate absorbance outputs at A =415 nm. D) The truth table corresponding to the AND gate.

way in which the initial signals are converted to the final
output signal will be controlled by the type of logic gate (e.g.,
AND, OR, XOR, InhibA). Multiple input signals that control the
material properties will be possible upon assembling comput-
ing networks that are composed of many concatenated logic
gates.® The integration of logic gates with various signal-re-
sponsive materials is underway in our laboratory.

Experimental Section

Chemicals and reagents: All enzymes were purchased from
Sigma-Aldrich and were used as supplied. The enzymes that were
used are: glucose oxidase (GOx) from Aspergillus niger type X-S
(E.C. 1.1.3.4), alcohol dehydrogenase (AlcDH) from baker's yeast
(S. cerevisiae; E.C. 1.1.1.1), glucose dehydrogenase (GDH) from Pseu-
domonas sp. (E.C. 1.1.1.47), and microperoxidase-11 (MP-11) pre-
pared by enzymatic degradation of equine heart cytochrome c. All
other chemicals (Sigma-Aldrich) were used without further purifi-
cation: B-b-(+)-glucose, P-nicotinamide adenine dinucleotide
(NAD™), 1,4-dihydro-B-nicotinamide adenine dinucleotide (NADH),
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt
(HEPES), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), glu-
taric dialdehyde, (3-aminopropyl)triethoxysilane, 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS). Other chemicals used
were toluene (J. T. Baker, HPLC grade), absolute ethanol (Pharmco),
and hydrogen peroxide (30%, Fluka). Ultrapure water from NANO-
pure Diamond (Barnstead) source was used in all of the experi-
ments.
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ized glass beads was treated with
glutaric dialdehyde (5%, v/v) in
phosphate buffer (0.01m, pH 7.0)
for 20 min at room temperature,
and then washed several times
with phosphate buffer. The glutaric dialdehyde-activated beads
were treated with GOx (1 mgmL™") in phosphate buffer (0.01m,
pH 7.0) for 20 min at room temperature, and then washed several
times with phosphate buffer. MP-11 (1 mgmL™") was covalently
bound to the silanized beads in HEPES buffer (50 mm, pH 7.2) in
the presence of EDC (1 mm) for 3 h; the MP-11-modified beads
were washed several times with water to remove unbound
material.

Composition of logic gates and input signals: The AND gate con-
sisted of glucose (0.1 M) and ABTS (0.1 mm) in phosphate buffer
(0.01 m, pH 7.0; total volume 1 mL). Soluble GOx (0.15 units) and/or
MP-11 (5.4x 107 m) were used as input signals to activate the AND
gate. Alternatively, immobilized GOx (about 0.48 nmol on 1200
glass beads) and/or immobilized MP-11 (about 7.5 nmol on 250
glass beads) were used as input signals for the AND gate. The OR
gate was composed of ethanol (10 mm), glucose (10 mm), and
NAD* (0.1 mm) in phosphate buffer (0.01 M, pH 8.2; total volume
1 mL). Soluble GDH (1.5 units) and/or AlcDH (3.14 units) were used
as the input signals to activate the OR gate. The XOR gate consist-
ed of ethanol (10 mm), H,0, (1 mm), NADH (0.1 mm), and NAD™
(0.1 mm) in phosphate buffer (0.01m, pH 8.2; total volume 1 mL).
Soluble AlcDH (5.14 units) and/or MP-11 (5.4x 107°m) were used as
the input signals for the XOR gate. The InhibA gate was composed
of ethanol (10 mm), H,0O, (1 mm), and NADH (0.1 mm) in phosphate
buffer (0.01m, pH8.2; total volume 1mL). Soluble AlcDH
(6.28 units) and/or MP-11 (5.4x 10 ®m) were used as the input sig-
nals for the InhibA gate. Note that oxygen was present in all solu-
tions (under equilibrium with air), and it was used by GOx upon
the biocatalytic oxidation of glucose.

ChemBioChem 2008, 9, 1260 - 1266
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Measurements: The absorbance changes of the OR, XOR, and
InhibA logic gates that operated with soluble enzymes as the
input signals were measured after a time interval of 5 min follow-
ing enzyme inputs. The AND gate spectra were measured after
2 min in the case of soluble enzymes, or after 10 min in the case of
immobilized enzymes. The concentrations of the substrates (the
gates’ composition) and the quantities of the enzyme inputs were
optimized in order to produce a significant change in |AA|; this
resulted in a corresponding “0” or “1” state. The reference cuvette
was filled with the same composition as the test cuvette prior to
the addition of the enzyme inputs; this allowed the differential
spectra measurements that corresponded to the changes in the
gate composition originating from the enzyme-induced reactions.
For the immobilized enzyme inputs, the reactions were performed
in separate test tubes upon addition of the glass beads modified
with the enzymes. After 10 min of the reaction, the solution was
separated from the enzyme-modified glass beads and transferred
to the test cuvette for spectral measurements. The presented ex-
perimental results and threshold values used represent average
data derived from more than ten independent measurements. The
absorbance measurements were performed by using a Shimadzu
UV-2450PC spectrophotometer. All measurements were performed
at 23+2°C.

Tapping mode AFM imaging of the enzymes immobilized on silica
wafers was performed by using a Dimension 3100 microscope
(Digital Instruments, Inc., Santa Barbara, CA, USA) in ambient con-
ditions. Silicon tips with a radius of 20 nm and resonant frequency
of 200-300 KHz were used. For analysis of the AFM data, we used
DI Nanoscope software (Digital Instruments). Thicknesses of the
biocatalytic thin films grafted onto the APTS layer were measured
with a null-ellipsometer (Multiscope, Optrel, Berlin, Germany) by
taking into account the known refractive index of the biomateri-
al.* The wavelength of the laser was 632.8 nm. The film thickness
was measured at an incident angle of 70°. For data interpretation
we used a multilayer model of the grafted films according to the

protocol described in the literature.!

The amount of GOx immobilized on the glass beads was deter-
mined by using hydrolysis of the protein followed by optical analy-
sis of the products.* GOx was immobilized on 2000 glass beads
by using APTES and glutaric dialdehyde as described above. After
washing, the beads were submerged in NaOH (1wm) for 2 h and
then neutralized with hydrochloric acid. The solution was mea-
sured for absorbance at 4=280 nm. The amount of hydrolyzed
protein was calculated by using the extinction coefficient of the
products obtained upon hydrolysis of GOx, E 1% = 16.7;"” this gave
the result of in approximately 0.4 pmol protein per bead.
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Synthesis and Screening of an Oroidin Library against
Pseudomonas aeruginosa Biofilms

Justin J. Richards, T. Eric Ballard, Robert W. Huigens, lll, and Christian Melander*®

A 50-compound library based on the marine natural product
oroidin was synthesized and assayed for anti-biofilm activity
against PAO1 and PA14, two strains of the medically relevant y-
proteobacterium Pseudomonas aeruginosa. Through structure—
activity relationship (SAR) analysis of analogues based on the or-
oidin template, several conclusions can be drawn as to what
structural properties of the synthetic derivatives are necessary to

Introduction

A bacterial biofilm is a community of surface-attached bacteria
protected by an extracellular matrix of biomolecules. The for-
mation of biofilms can be thought of as a developmental pro-
cess in which planktonic bacteria adhere to a solid surface and
initiate the formation of a complex sessile microcolony, which
then exists as a community of bacteria.l" It has been estimated
that upwards of 80% of the world’s microbial biomass resides
within the biofilm state. Biofilm bacteria are resistant to many
host immune responses and are also inherently insensitive to
antiseptics or other antimicrobial compounds. Biofilms have
been estimated to be upwards of 1000 times more resistant to
conventional antibiotics,” which represents a significant im-
pediment to antimicrobial therapy, because biofilms account
for between 50-80% of microbial infections in the body.®* In
particular, persistent infections of indwelling medical devices
remain a serious problem, since eradication of these infections
is virtually impossible.*® Other diseases in which biofilms are
of importance include endocarditis, otitis media, chronic pros-
tatitis, periodontal disease, chronic urinary tract infections, le-
gionnaires’ disease, and cystic fibrosis.*”

Because of the breadth of detrimental effects that bacterial
biofilms have on human healthcare, there has been a signifi-
cant effort to develop molecules that will inhibit their forma-
tion,™ the underlying principal being that if bacteria can be
maintained in the planktonic state, then they will not attach to
a target surface (lung tissue, implanted medical devices) and
can then be subsequently killed with a low dose of microbicide
(such as an antibiotic). Examples of molecular scaffolds that in-
hibit biofilm formation are scarce. They include the homoser-
ine lactones (1), which are naturally occurring bacterial signal-
ing molecules,® brominated furanones (2), originally isolated
from the macroalga Delisea pulchra,®' and ursene triterpenes
(3) from the plant Diospyros dendo.™

Pseudomonas aeruginosa is a Gram-negative y-proteobacteri-
um that is one of the best-studied models in terms of biofilm
formation and quorum sensing (QS)."? This bacterium is also a
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elicit a biological response. Notably, the most active analogues
identified were those that contained a 2-aminoimidazole (2-Al)
motif and a dibrominated pyrrolecarboxamide subunit. Here we
disclose the synthesis and subsequently determined biological
activity of this unique class of compounds as inhibitors of biofilm
formation that have no direct antibiotic effect.

significant opportunistic pathogen that is responsible for a
myriad of infections.”¥ The virulence and persistence with
which P. aeruginosa infections occur is known to be based in
part upon the ability of the bacterium to form robust biofilms.
For patients who suffer from cystic fibrosis (CF), the onset of
colonization by this bacterium is of great concern. P. aerugi-
nosa biofilms are directly correlated to the morbidity rates of
CF patients."*"” Coupled with the speed and prevalence with
which multi-drug resistant (MDR) strains are appearing,'®
there is a pressing need to develop novel small molecules that
may play a role in P. aeruginosa remediation efforts.

Given the paucity of molecular architectures that have been
reported to inhibit the formation of bacterial biofilms, we have
begun to investigate the effects that simple analogues of
sponge-derived marine alkaloids have upon biofilm develop-
ment. Two members of the oroidin family, bromoageliferin and
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oroidin (5)

bromoageliferin (4)

oroidin, were documented as possessing anti-biofouling prop-
erties through inhibition of biofilm development in the marine
a-proteobacterium R. salexigens." Biofouling is initiated by a
process termed microfouling, which is the formation of a bac-
terial biofilm on a surface submerged under water. We posited
that architecture embedded within complex, marine alkaloids
with anti-biofouling properties might provide a basis for novel
molecules to inhibit bacterial biofilms. Recently we disclosed
the synthesis of TAGE and CAGE, two derivatives of bromoage-

N N
NH NH
HN— Dﬁ > HN IO: 2
N ., NH, N NH,

TAGE CAGE

liferin that were shown to be effective inhibitors of P. aerugi-
nosa biofilm formation.”” Because of the success of these ana-
logues, we opted to determine whether even simpler deriva-
tives bearing resemblance to the ageliferin skeleton would
possess anti-biofilm properties. Here we provide a full account
of the structure-activity relationship (SAR) analysis from the
synthesis and biological evaluation of a 50-compound oroidin
library in the context of anti-biofilm activity against the medi-
cally relevant Gram-negative y-proteobacterium P. geruginosa.

Results and Discussion
Design

Marine natural products provide a diverse array of chemical
structures and are known to possess a plethora of biological
activities.””! Most members of the oroidin alkaloid family have
nitrogen-dense architectures that contain a 2-aminoimidazole
(2-Al) subunit.?>?*! These compounds are typically found in
sponges of the family Agelasidae and mainly serve as a chemi-
cal anti-feeding defense mechanism against predators.** Oroi-
din (5) is believed to be one of the main building blocks in the
biosynthesis of other more complex family members including
palau’amine and the stylissadines.”?® In addition to being
documented as interfering with the biofouling process of
R. salexigens, oroidin has also been observed to retard bacterial
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attachment and colonization in a limited number of stud-
ieS.[27’28]

To gain a more thorough understanding of the activity pro-
file of this unique class of molecules, we elected to synthesize
a library of analogues based upon the oroidin template. The
structure-activity relationships (SARs) were then delineated
within the context of anti-biofilm activity. Molecules based on
oroidin would require relatively short reaction sequences to
access (two-six steps) and should be capable of rapid assem-
bly from core scaffolds and screened for their anti-biofilm
properties.

With this natural product serving as our base, a focused li-
brary was constructed by systematically varying three regions
within the oroidin template (Scheme 1) to delineate what

Region B
linker
( ) o
N /\/\N/u\ N
H,N— ]/ Ho[L )8
N
H Br
Region C ;
(head) Region A

(tail)

Scheme 1. Fragmentation of the oroidin template for SAR study.

structural features of the molecule were essential for biological
activity. These areas were designated as: the tail group (Re-
gion A), the linker chain (Region B), and the head group (Re-
gion C). The tail group was varied as: absent, an N—H pyrrole
derivative, or an N-methyl pyrrole derivative. The linker be-
tween the head group and tail group was varied from two to
four carbons, and the effect of chain unsaturation was also
examined. The head groups considered for analysis included
2-aminoimidazole, 2-amino-4-oxoimidazole, imidazole, trypto-
phan, 2-thioimidazolone, and 2-aminothiazole (vide infra).

zT
A\
A

HZN—Q:]/% H2N—<\N 3 Iﬁ{l
H

H . .
Q\/I}H S :<: J/hi‘l HN *</: ]/LL%L
N H

To examine each compound’s ability to inhibit the formation
of Pseudomonas aeruginosa biofilms, PAO1 and PA14 were em-
ployed as the target bacterial strains by using a crystal violet
reporter assay.”” All compounds were initially screened at
500 um for anti-biofilm activity. 1Cs, values were then deter-
mined for compounds that displayed exceptional activity in
the preliminary screening, followed by growth curve and
colony count analysis to verify that the compounds were in

ChemBioChem 2008, 9, 1267 - 1279
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Screening of an Oroidin Library against Biofilms

fact true inhibitors of bacterial biofilm formation and were not
acting as microbicides, inducing cell death before biofilm
development had begun.

Region A SAR: tail-group analogue synthesis and biological
activity

Nearly all oroidin alkaloids are known to contain the pyrrole-
carboxamide moiety with various degrees of bromination, and
this provided the first structural element for investigation.*?
Each analogue was prepared by a convergent synthetic ap-
proach, with amide bond formation between the scaffold 4-(3-
aminopropyl)-2-aminoimidazole dihydrochloride 16 (Table 1)
and the appropriate (trichloroacetyl)pyrrole derivative serving
as the final step. (Trichloroacetyl)pyrroles are known to under-
go smooth amide bond formation in the presence of unpro-
tected 2-aminoimidazoles and are among the most frequently
used reagents in the total synthesis of many oroidin rela-
tives.2>3" The necessary (trichloroacetyl)pyrroles were synthe-
sized as outlined in Scheme 2.2 The corresponding N—H and

Y.
jl\/\¥0000|3
N
H

X

a)orb)
WCOCCIE, e
N
H

6 7:X=H,Y =Br (93%)
8 X =Y =Br(91%)
9: X =Y = CI (70%)
) Br
@COZH — I\\ﬁcozH
N N
H B H
10 1
A\ A\ 4.8 \
| coccCl, —= | coccCl; —— | CO,H
N x” N B~ N
CH, CH, CH;
12 13: X =H, Y = Br (81%) 15

14: X = Y = Br (96%)

Scheme 2. Synthesis of pyrrole subunits for Region A SAR; Reaction condi-
tions: a) Br,, CHCl;, 0°C. b) SO,Cl,, CHCl,, reflux. c) Br,, HOAc, CHCl;, 50°C,
87%. d) K,CO5;, MeOH, 92%, e) LiOH, MeOH/THF/H,0, 94 %.

N-methyl dibromo carboxylic acids 11 and 15 were also pre-
pared. These simple compounds are frequently isolated in high
concentrations in conjunction with the more complex oroidin
alkaloids from the Agelasidae sponges and would serve as con-
trols in the inhibition assay.*® A compiled activity list of all
compounds synthesized and assayed at 500 um for Region A
SAR is summarized in Table 1.

The N—H pyrrole subclass was the first group of analogues
studied. The dihydro derivatives of the natural products cla-
throdin,*¥ hymenidin,®*® and oroidin represent the various suc-
cessive degrees of N—H pyrrole bromination and were synthe-
sized and screened for their ability to inhibit the formation of
P. aeruginosa biofilms (Table 1). As previously reported, scaffold
16 was relatively inactive against both strains (20% inhibition

ChemBioChem 2008, 9, 1267 — 1279
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Table 1. Region A SAR synthesis and biological evaluation.
R
cl,COC.__N
1 W o R
N Y N )krw
NH N
HzN_</N | ? Na,CO, DMF. RT HzN—QN]/wH L/fx
Hoy 2. HCl in MeOH H “HCI Y
6
Yield Biofilm inhibition at 500 um vs.
[%] PAO1 [%] PA14 [%]
17 R=X=Y=H 63 <10 16
18 R=X=H, Y=Br 74 74 86
19 R=H, X=Y=Br 59 61 37
20 R=H, X=Y=dl 65 37 48
21 R=CH;, X=Y=H 58 25 -
22 R=CH,;, X=H, Y=Br 56 88 83
23 R=CH,;, X=Y=Br 63 >95 >95

against PAO1, 15% against PA14).?Y Dihydroclathrodin (DHC,
17) showed similar activity to the base scaffold, with <10% in-
hibition of PAO1 and 16 % inhibition of PA14 biofilm formation.
Dihydrohymenidin (DHH, 18), however, showed a remarkable
increase in activity, inhibiting the formation of PAO1 and PA14
biofilms by 74% and 86 %, respectively. Addition of a second
bromine atom at the 5-position on the pyrrole ring yielded
dihydrooroidin (DHO, 19). It was hypothesized that activity
would yet again be increased, but surprisingly DHO displayed
a decrease in potency against both strains (PAOT inhibition=
61%, PA14 inhibition =37 %).

The requirement for a particular halogen identity on the pyr-
role ring was also examined by replacing both bromine atoms
with less sterically demanding and less electronegative chlor-
ine atoms (20). No known oroidin family members possess
chlorine substituents on the pyrrolecarboxamide subunit, yet
some do contain chlorinated positions in other parts of the
molecule.” This venture proved unfruitful, however, as no
substantial benefit was gained with the dichloro derivative 20,
which inhibited the formation of PAO1 biofilms by 37% and
PA14 biofilms by 48 % at 500 pm.

Investigation into how introduction of a methyl substituent
on the pyrrole nitrogen would affect activity was the next step
in the SAR process for this region. This decision was based
upon the observation that some naturally occurring members
of the oroidin family—that is, sventrin (24; Table 3)—contain
an N-methylated pyrrole instead of the more commonly seen
N—H pyrrole moiety.*® The non-brominated derivative 21
showed a slight increase in activity relative to DHC, as it was
observed that 21 inhibited the formation of PAO1 biofilms by
25%. However, this derivative was found to be inactive against
PA14. Analogously to what was observed with the N—H pyrrole
subset, N-methyl dihydrohymenidin (22) showed a substantial
increase in activity (88% and 83% inhibition for PAO1 and
PA14, respectively). This time, addition of a second bromine
was observed to enhance activity as this compound—dihy-
drosventrin (DHS, 23)—inhibited the formation of both PAO1
and PA14 biofilms by >95% at 500 um.

All compounds that revealed >70% biofilm inhibition activi-
ty during the preliminary 500 pum screening were selected for
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further biological characterization. Dose response curves were
generated for each compound to determine the analogue’s
IC5, value against both Pseudomonas strains. These results are
summarized in Table 2. Of the tail-modified derivatives, dihy-

Table 2. IC,, values for Region A analogues.

(0] (’3|—|3
N N N
HN— ]/wH W
N “HCl
H Br
)

dihydrosventrin (23

Compound PAO1 ICs, [um] PA14 1Cs, [um]
dihydrohymenidin (18) 323+30 266 +23
N-methyldihydrohymenidin (22) 348+ 14 309+16
dihydrosventrin (23) 51+9 1M1+8

drosventrin (DHS) was the most active, with an IC;, of 51+
9 um against PAO1 and 111 £8 pm against PA14. When the tail
fragment 15 was tested alone, it displayed no activity at
500 pum. This evidence further reinforces the conjecture that
the two fragments must be covalently linked to elicit their
anti-biofilm activity. Growth curves and colony counts were
also performed for both PAO1 and PA14 in the presence and
absence of DHS 23 at its respective ICs, concentration. In each
case, no reduction in bacterial density or viable colonies was
observed, thus confirming that our compounds were true
inhibitors of biofilm formation and not eliciting their activity
through a microbicidal mechanism (see the Supporting Infor-
mation).

The data gathered from this section of the SAR indicated a
rough correlation between the degree of bromination on the
pyrrole ring and increased anti-biofilm activity. It was also ob-
served that compounds bearing the N-methylated pyrrole had
better potential as biofilm inhibitors, illustrated by the remark-
able difference in activity between dihydrosventrin 23 and di-
hydrooroidin 19.

Region B SAR: linker analogue synthesis and biological
activity

The double bond found in oroidin is proposed to have a pro-
found impact on the ability of the sponge to synthesize a
number of more complex chemical skeletons (that is, agelifer-
ins, sceptrins) through dimerization-type reactions.” Discern-
ing whether or not unsaturation was necessary for a biological
response from an anti-biofilm standpoint could allow us to cir-
cumvent a low-yielding extra synthetic step needed to install
the double bond between the 3- and the 4-positions in the
dihydro scaffold 16. Oroidin (5) was prepared as previously
reported.®” Sventrin (24) was synthesized by a synthetic ap-
proach identical to that used for oroidin, with the exception
that 14 was employed in the amide bond formation step. Ini-
tial screens at 500 um revealed that both natural products in-
hibited the formation of PAO1 and PA14 biofilms >95%. The
activity of oroidin (5; PAO1 1C5,=190+9 pm, PA14 IC5,=166 +
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19 um) was exceptionally better than that of its dihydro conge-
ner, which was not even considered a candidate for IC;, value
determination (vide supra). In contrast, the IC;, values of sven-
trin (24; 1C,=75+5 um PAO1, IC5,=115+3 um PA14) were
very similar to those of its saturated counterpart (Table 3). This

Table 3. ICy, values for the natural products oroidin (5) and sventrin (24).

[¢] H o CH,
N X N N N X N N
HN— ]/wH | 7B HN— | Ao B
N -HCI N -HCI
H Br H Br
oroidin (5) sventrin (24)

ICso=190£9 pm vs. PAOT
ICs=166+19 um vs. PA14

ICso=75=5 pum vs. PAOT
ICso=11543 pum vs. PA14

seemed to indicate that as we begin to fine tune our scaffolds
to maximize anti-biofilm activity, unsaturation within the linker
is not necessary to elicit maximum biological activity. As car-
ried out with DHS, follow-up growth curve and colony count
analysis of PAO1 and PA14 grown in the presence or absence
of either natural product at their corresponding ICs, concentra-
tions did not induce microbial cell death.

Given that a fully saturated chain, when coupled to the 4,5-
dibromo-N-methylpyrrole subunit, yielded a compound (DHS)
with the highest activity, we then elected to study the effect
that linker length had upon biological activity. Homologues of
DHS containing a 2-methylene or a 4-methylene spacer be-
tween the 2-Al head and the pyrrole tail were envisioned.
These compounds were quickly accessed as outlined in
Scheme 3. Briefly, commercially available 1,4-diaminobutan-2-
one dihydrochloride (25) was condensed with cyanamide
under pH-controlled conditions to yield the 2-methylene
spacer 26 (2-Al),®*® which was subsequently coupled to frag-
ment 14 to deliver target 27. The 4-methylene spacer was gen-
erated through Akabori reduction of lysine methyl ester (28)
to produce the corresponding a-amino aldehyde,***”® which,
upon cyclization with cyanamide and ensuing amide bond for-
mation, afforded the 2-Al 30.

Initial screens at 500 um revealed that each compound, like
the parent compound DHS, inhibited the formation of PAO1
and PA14 biofilms by >95%. ICy, values for both 27 and 30
did, however, indicate the subtle effects that alkyl linker length
had upon activity, with both modifications decreasing activity
in relation to DHS. Increasing the alkyl chain length to four
methylene units elicited a smaller drop in activity (PAO1 ICs,=
15017 pm, PA14 1C5,=126+17 pum), while the reduction in
potency was slightly more pronounced when the alkyl chain
length was decreased to two methylene units (PAO1 IC;,=
165+23 um, PA14 1C;0=224+22 pm). Colony counts and
growth curves evaluated with these homologues revealed no
microbicidal activity at their respective ICs, values.

Screening of these various linker analogues quickly revealed
two important SAR features of the oroidin scaffold in terms of
anti-biofilm activity. First, the optimum chain length between
the 2-Al head and pyrrole tail was three carbon units. Second,
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*2HCI

Q a) N NH2
H2N\)I\/\NH2 T H2N‘</ ]/\/
N
H

25 26

ICso = 165 + 23 M vs. PAOT
ICqy = 224 + 22 M vs. PA14

28 29

Scheme 3. Region B SAR linker synthesis; Reaction conditions: a) NH,CN, H,0, 95 °C, pH 4.3, 62%. b) 14, Na,CO;,
DMF, RT. ¢) HCl in MeOH, 27: 64%, 30: 54%. d) Na/Hg, H,0, 5°C, pH 1.5, then NH,CN, H,0, 95°C, pH 4.3, 18%.

unsaturation was not necessary to elicit a biological response,
thus eliminating the need for an additional synthetic step that
would otherwise have been needed for analogue synthesis.

Region C SAR: head-group analogue synthesis and biologi-
cal activity

Given the ubiquitous nature of the 2-aminoimidazole group in
oroidin alkaloids, a substantial effort was made to delineate
the importance of the 2-Al head group. We first focused on
determining the ramifications of oxidizing the 2-Al ring at the
4-position. The natural product dispacamide™” 31 and its N-

] R

N
N Br
N H Ly
HN— “HCI Br
N" o

31: R = H (dispacamide)
32: R = CH; (N-methyl-dispacamide)

methyl congener 32 were synthesized and subsequently as-
sayed for inhibition of PAO1 and PA14 biofilms. Dispacamide
was prepared as previously reported,®” while dihydrosventrin
(23) was also oxidized with molecular bromine in DMSO to
afford its requisite N-methyl analogue. Each compound
showed a substantial reduction in activity, with <20% PAO1
and PA14 biofilm formation inhibition at 500 pm.

The repercussions of atomic deletion or full head group re-
placement within Region C were investigated next. This was
examined by replacement of the 2-Al group with a tryptophan
residue or an imidazole group lacking the 2-amino functionali-
ty. It was deemed unnecessary to delineate a synthesis for a 3-
carbon linker of trytophan and imidazole when their 2-carbon
homologues were commercially available and could be directly

ChemBioChem 2008, 9, 1267 — 1279

H,C. Br
N
H \\ Br
b), ¢) N
— = HN-—< | 3
H -HCI

ICso = 150 £ 17 M vs. PAO1
ICso = 126 + 17 UM vs. PA14
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compared to the corresponding
2-Al derivative with a 2-methyl-
ene unit linker, which had al-
ready been characterized. Trypt-
amine hydrochloride or hista-
27 mine dihydrochloride were cou-
pled to all of the different (tri-
chloroacetyl)pyrroles  discussed
in the Region A SAR portion of
this report and assayed for bio-
film inhibition activity (Table 4).

Replacement of the 2-Al subu-
nit with a tryptophan abolished
30 all activity at 500 um, no matter
what pyrrole derivative was ap-
pended to the tail. Removal of
the 2-amino group was not as
deleterious, as each compound
we initially assayed at 500 um
showed varying degrees of anti-
biofilm activity against both PAO1 and PA14. IC;, value deter-
mination of analogue 40 (IC5,=277 435 pum PAO1, IC5,=203 +
25 um PA14) for comparison with its 2-Al 2-methylene spacer
homologue 27 (PAO1 1C;,=165+23 pm, PA14 IC,=224+
22 um) revealed that a substantial drop in activity against
PAOT1 in relation to 27 is noted, along with slightly better activ-
ity against PA14 (Table 5). Subsequent growth curves and
colony counts indicated that 40 was not inhibiting biofilm de-
velopment through microbicidal activity.

Finally, we investigated how single atom changes within the
2-Al subunit would affect anti-biofilm activity. To this end, we
elected to synthesize the 2-thioimidazolone and 2-aminothi-

Table 4. Region C SAR synthesis and biological evaluation.

No activity for the inhibition of either PAO1 or PA14 biofilms
R

clL,COC._N
X
\L/Z' RN
Y Ho N v
N NH; 1. Na,CO, DMF, RT N N =
HN * 2HCI 2. HClin MeOH HN “HCcl O
33
Yield Biofilm inhibition at 500 um vs.
[%] PAO1 [%] PA14 [%]
34 R=X=Y= 54 42 31
35 R=X=H, Y=Br 40 46 43
36 R=H, X=Y=Br 35 73 69
37 R=H, X=Y=dl 62 33 38
38 R=CH;, X=Y=H 55 29 34
39 R=CH,;, X=H, Y=Br 62 37 21
40 R=CH;, X=Y=Br 60 73 82
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Table 5. Direct comparison of an atom deletion effect in Region C.
H3C\N Br
N
N H\[Hém
R_</ ]N T
H HCI

ICso=277 £35 um vs. PAOT
ICso=203 25 M vs. PA14

27: R=NH, 40:R=H

ICso=16523 um vs. PAOT
ICso=224422 M vs. PA14

azole (2-AT) scaffolds for SAR study. Condensation of an a-
amino carbonyl compound with an isocyanate is well
known,“? and provided the basis for the synthesis of the 2-
thioimidazolone scaffold 42 (Table 6). Similarly to the known
route to access 2-Al scaffold 16, Akabori reduction of ornithine

Table 6. Additional region C SAR synthesis and biological evaluation.

o 1. Na/Hg, H,0, 5 °C,
MeO)K(\/\NHZ pH 1. 5 :< ]/\/\
NH, - 2HCI 2. KSCEHH‘tC; 95 °C,
M (48%)
R
Cl,COC N
X
NH
s j/\/\ A A j/\/\
:<N I e “Na,CO, DMF,RT s=< |
H
42
Yield Biofilm inhibition at 500 um vs.
[%] PAO1 [%] PA14 [%]
43 R=X=Y= 53 39 33
44 R=X=H, Y=Br 52 28 14
45 R=H, X=Y=Br 41 61 56
46 R=H, X=Y=Cl 65 41 38
47 R=CH;, X=Y=H 57 27 36
48 R=CH,;, X=H, Y=Br 54 41 57
49 R=CH;, X=Y=Br 71 46 38

methyl ester followed immediately by cyclization with KSCN
under pH-controlled conditions afforded the 2-thioimidazolone
42. Acylation of the terminal amine was accomplished with
conditions adopted from the Region A SAR study to afford 43—
49 in modest yields. All derivatives in this subset were able to
inhibit biofilm formation throughout a range of values at

o]

Lo NPhn

50 51

Scheme 4. Region C SAR synthesis; Reaction conditions: a)

C. Melander et al.

500 pum. However, none was deemed significant enough to be
carried for further biological evaluation.

2-ATs are known to possess biological activity and were thus
deemed a logical choice for head group study.**? To affect
the synthesis of the 2-AT scaffold, a new synthetic plan was
necessary to install a sulfur atom selectively at the 1-position
in the ring (Scheme 4). Synthesis commenced with formation
of the acyl chloride of the known 4-phthalimidobutanoic acid
(50).* This was followed by diazomethane homologation and
concomitant quenching with concentrated HBr, which afforded
the a-bromoketone. Cyclization of the a-bromoketone with
thiourea under neutral conditions cleanly and regioselectively
installed the 2-AT ring (51).*3? Removal of the phthlamide
protecting group was accomplished with hydrazine in metha-
nol to deliver the 2-AT scaffold. Again, acylation of the terminal
amine was accomplished as previously outlined to afford the
final target analogues. The 2-AT sublibrary was completely in-
active at 500 um, as seen with the tryptophan derivatives.

These single-atom replacements concluded the SAR study of
Region C. Oxidation of the 2-Al ring in DHS proved detrimen-
tal, eliminating nearly all biological activity. In addition, the 2-
Al remained of utmost importance in the ability of these com-
pounds to inhibit the formation of Pseudomonas biofilms, de-
spite the trading out of the 2-Al subunit for a variety of func-
tionally unique moieties.

Conclusions

Through the generation of a 50-compound library, several
trends become apparent when the SAR data are reviewed in
the context of anti-biofilm activity. First, a three-methylene
linker between the 2-Al head and the pyrrole tail elicits maxi-
mum biological activity. Second, unsaturation within the linker
does not appear to be necessary to augment biological re-
sponse once the other regions of the oroidin template are
fine-tuned for maximum activity. Third, an imidazole or 2-Al
head is necessary to maintain activity. Fourth, derivatives that
contain dibrominated N-methylpyrroles have the tendency to
be the most potent analogues within their corresponding sub-
libraries.

These trends culminated in the identification of a lead candi-
date, DHS 23, as a very potent inhibitor of Pseudomonas bio-
film formation with no direct antibiotic effect. Efforts to deter-
mine the mode of action of these compounds through genera-
tion of additional structural diversity on other 2-Al based scaf-
folds are currently underway. Most notably, we are focusing on
exploring the effects that more advanced N-alkylated pyrroles

O R
N
a), b) N NPhth  c)-e) N N
L HQN—</]/\/\ R H2N¥ | H | X
s S “HClI
X

R=H, CH,
X =H, Br

i1 (COCI),, DMF (cat.), CH,Cl,; ii: CH,N,, Et,0/CH,Cl,, 0°C; iii: Conc. HBr, 84%. b) Thiourea, DMF, 0-

25°C, 97 %; ¢) N,H,, MeOH, 25-55 °C, 90%; d) K,CO,, 6/8/12/14, DMF; €) HCl in MeOH.
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have upon both biofilm development and maintenance of
Pseudomonas and other medically relevant biofilm-forming
bacteria.

Experimental Section

Biology: Stock solutions of all compounds assayed for biological
activity were prepared in DMSO and stored at room temperature.
The amount of DMSO used in both inhibition and dispersion
screens did not exceed 1% (by volume). Preliminary screens at
500 um were performed in duplicate. 1C5, dose response assays
were performed in triplicate or more. P. aeruginosa strains PAO1
and PA14 were graciously supplied by the Wozniak group at Wake
Forest University School of Medicine.

General static inhibition: assay protocol for Pseudomonas aeru-
ginosa: An overnight culture of the wild-type strain was subcul-
tured at an ODgy, of 0.10 into LBNS along with a predetermined
concentration of the small molecule to be tested for biofilm inhibi-
tion. Samples were then aliquoted (100 L) into the wells of a 96-
well PVC microtiter plate. The microtiter dishes were covered and
sealed before incubation under stationary conditions at 37 °C for
24 h. After that point, the medium was discarded and the plates
were thoroughly washed with water. The wells were then inoculat-
ed with an aqueous solution of crystal violet (0.1%, 100 pL) and
allowed to stand at ambient temperature for 30 min. Following
another thorough washing with water, the remaining stain was
solubilized with ethanol (95 %, 200 pL). Biofilm inhibition was quan-
titated by measuring the ODs,, for each well by transferring 125 pL
of the ethanol solution into a fresh polystyrene microtiter dish for
analysis.

Chemistry: All reagents including anhydrous solvents used for the
chemical synthesis of the library were purchased from commercial-
ly available sources and were used without further purification
unless otherwise noted. All reactions were run under either nitro-
gen or argon. Flash silica gel chromatography was performed with
standard grade silica gel (60 A mesh) from Sorbtech. 'H and
3C NMR spectra were obtained with Varian 300 MHz or 400 MHz
spectrometers. NMR solvents were purchased from Cambridge Iso-
tope Labs and used as received. Chemical shifts are given in parts
per million relative to [DgDMSO (0=2.50 ppm), CD;0D (0=
3.31 ppm), and CDCl; (0=7.27 ppm) for proton spectra and rela-
tive to [DgIDMSO (6=39.51 ppm), CD;OD (6=49.00 ppm), and
CDCl; (0=77.21 ppm) for carbon spectra with an internal TMS
standard. High-resolution mass spectra were obtained at the North
Carolina State Mass Spectrometry Laboratory for Biotechnology.
FAB experiments were carried with a JOEL HX110HF mass spec-
trometer while ESI experiments were carried out on Agilent LC-TOF
mass spectrometer.

1-(4-Bromo-1H-pyrrol-2-yl)-2,2,2-trichloroethanone  (7):  2-(Tri-
chloroacetyl)pyrrole (6, 5.00 g, 23.3 mmol) was dissolved in anhy-
drous chloroform (20 mL). The solution was cooled to —10°C
before dropwise addition of bromine (1.20 mL, 23.3 mmol) to the
flask. Once addition was complete the reaction mixture was al-
lowed to warm to room temperature on its own accord while stir-
ring for an additional 30 min. The reaction was poured into water
(40 mL) and extracted with chloroform (3x20 mL). The combined
organic layers were washed with sat. NaHCO; (2x30 mL) and brine
(1x20 mL), dried over anhydrous sodium sulfate, filtered, and
evaporated to dryness. Purification of the residue by column chro-
matography (hexanes/diethyl ether, 95:5) yielded the title com-
pound 7 (6.37 g, 93%) as an off-white solid: '"H NMR (300 MHz,
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[DJJDMSO): 6=12.86 (s, 1H), 7.54 (s, 1H), 7.32ppm (s, 1H);
3CNMR (100 MHz, [D]DMSO): 6 =171.67, 129.06, 122.01, 121.54,
97.60, 94.56 ppm; HRMS (FAB) calcd for CgH;BrCIsNO: 288.8464
[M]T; found: 288.8479.

1-(4-Bromo-1-methylpyrrol-2-yl)-2,2,2-trichloroethanone (13):
Through the same general procedure as used for the synthesis of
1-(4-bromo-1H-pyrrol-2-yl)-2,2,2-trichloroethanone (7), 2-trichloro-
acetyl-1-methylpyrrole (5.00 g) afforded the title compound 13
(546 g, 81%) as a white solid: '"H NMR (300 MHz, [DJDMSO): 6 =
766 (d, J=1.2Hz, 1H), 7.42 (d, J=1.8 Hz, 1H), 3.91 ppm (s, 3H);
CNMR (100 MHz, [Dg]DMSO): 6 =171.48, 134.40, 123.62, 121.19,
95.36, 95.12 ppm; HRMS (FAB) calcd for C,H,BrCI;NO: 303.8698
[M+H1*; found: 303.8678.

2,2,2-Trichloro-1-(4,5-dibromo-1H-pyrrol-2-yl)ethanone (8): 2-(Tri-
chloroacetyl)pyrrole (6, 5.00 g, 23.3 mmol) was dissolved in anhy-
drous chloroform (20 mL). The solution was cooled to —10°C
before the dropwise addition of bromine (2.64 mL, 51.3 mmol) to
the reaction mixture. Once addition was complete the reaction
mixture was allowed to warm to room temperature on its own
accord while stirring for an additional 30 min. The reaction was
poured into water (40 mL) and extracted with chloroform (3x
20 mL). The combined organic layers were washed with sat.
NaHCO; (2x30 mL) and brine (1x20 mL) and dried over anhydrous
sodium sulfate. Filtration and evaporation afforded the crude prod-
uct, which was recrystallized from hexanes to deliver the title com-
pound 8 (7.93g, 91%) as an off-white solid: 'H NMR (300 MHz,
[DJDMSO): 6 =13.75 (s, TH), 7.40 ppm (s, 1H); *C NMR (100 MHz,
[DIDMSO): 6 =170.94, 123.30, 122.45, 114.62, 100.88, 94.08 ppm;
HRMS (FAB) calcd for C¢H,Br,CNO: 366.7569 [M]'; found:
366.7556.

2,2,2-Trichloro-1-(4,5-dibromo-1-methylpyrrol-2-yl)ethanone
(14): Through the same general procedure as used for the synthe-
sis of 2,2,2-trichloro-1-(4,5-dibromo-1H-pyrrol-2-yl)ethanone (8), 2-
trichloroacetyl-1-methylpyrrole (12, 5.00 g) gave the title com-
pound 14 (8.149,96%) as white needles. 'H NMR (300 MHz,
[DgIDMSO): 6=7.60 (s, TH), 3.96 ppm (s, 3H); *CNMR (100 MHz,
[DIDMSO): 6=170.86, 123.81, 122.68, 120.58, 99.58, 94.89,
37.60 ppm; HRMS (FAB) calcd for C,H,Br,CI;NO: 380.7725 [M]™;
found: 380.7744.

2,2,2-Trichloro-1-(4,5-dichloro-1H-pyrrol-2-yl)ethanone (9): 2-(Tri-
chloroacetyl)pyrrole (6, 5.00 g, 23.5 mmol) was dissolved in anhy-
drous chloroform (10 mL), and the reaction flask was covered in
aluminum foil to exclude light. Sulfuryl chloride (4.20 mL,
51.8 mmol) was then added, and the reaction mixture was heated
at reflux for 16 h before being cooled to room temperature and
poured into cold water (100 mL). The aqueous layer was removed
and washed with dichloromethane (2x25 mL). The combined or-
ganic layers were then washed with sat. NaHCO; (3x35 mL), dried
over anhydrous sodium sulfate, filtered, and concentrated in
vacuo. The residue was purified by column chromatography (hex-
anes/diethyl ether 95:5) to afford the desired compound 9 (4.61 g,
70%) as a white solid: 'H NMR (300 MHz, [D;]DMSO): 6 =13.84 (s,
1H), 741 ppm (s, TH); *CNMR (100 MHz, [DgJDMSO): 6=171.2,
123.6, 119.9, 119.7, 110.8, 94.8 ppm; HRMS (FAB) calcd for
C¢H,CIsNO: 278.8579 [M]*; found: 278.8573.

4,5-Dibromo-1H-pyrrole-2-carboxylic acid (11): Pyrrole-2-carboxyl-
ic acid (10, 1.00 g, 9.00 mmol), was dissolved in anhydrous chloro-
form (10 mL) and glacial HOAc (2 mL). Bromine (0.971 mL,
18.9 mmol) was slowly added at room temperature to the resulting
cloudy solution, and once addition was complete the reaction mix-
ture was heated at 50 °C for 5 h. After cooling to ambient temper-
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ature the reaction mixture was partitioned between water (30 mL)
and chloroform (40 mL). The organic layer was rinsed with water
(2x30 mL) and K,CO; (10%, 40 mL). The K,CO; extract was then
washed with chloroform (2x20 mL) and acidified to pH 3 with an
aqueous solution of HCl (4N). The precipitate was collected by
vacuum filtration, and the filter cake was rinsed with water (15 mL)
to afford the target compound 11 (2.10 g, 87%) as a white solid:
'HNMR (400 MHz, [D,JDMSO): 6=12.80 (brs, 1H), 6.82 ppm (s,
1H); CNMR (100 MHz, [D¢]DMSO): 6=160.43, 12537, 116.73,
106.50, 98.70 ppm; HRMS (FAB) calcd for CsH;Br,NO: 266.8531
[M]™; found: 266.8525.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid methyl ester:
2,2,2-Trichloro-1-(4,5-dibromo-1-methyl-1H-pyrrol-2-yl)ethanone

(14, 1.00 g, 2.60 mmol), anhydrous potassium carbonate (0.719 g,
5.20 mmol), and anhydrous methanol (20 mL) were placed in a re-
action flask. The resulting suspension was stirred for 16 h at room
temperature, after which the reaction was quenched with water
(10 mL). The methanol was removed under reduced pressure, and
the residue was partitioned between ethyl acetate (100 mL) and
water (20 mL). The organic layer was subsequently washed with
sat. NaHCO; (2x30 mL) and brine (2x20 mL), dried over anhydrous
sodium sulfate, and filtered. Evaporation of the filtrate yielded the
title compound (0.710 g, 92%) as a white solid: '"H NMR (300 MHz,
[DIDMSO): 6 =7.05 (s, 1H), 3.90 (s, 3H), 3.76 ppm (s, 3H); *C NMR
(75 MHz, [D¢]DMSO): 6=159.38, 123.62, 118.51, 113.93, 98.06,
51.58, 35.78 ppm; HRMS (FAB) calcd for C,H,Br,NO,: 294.8844 [M]~;
found: 294.8861.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid (15): 4,5-Dibro-
mo-1-methyl-1H-pyrrole-2-carboxylic acid methyl ester (0.675 g,
2.27 mmol), lithium hydroxide (0.436 g, 18.19 mmol), methanol
(12 mL), tetrahydrofuran (4 mL), and water (4 mL) were stirred for
16 h at ambient temperature. The pH was then adjusted to 7.0
with an aqueous solution of HCl (4 N). The organics were removed
by rotary evaporation, and the resulting residue was diluted with
water (15 mL). Acidification of the aqueous layer to pH 3 with HCl
(4N) afforded a white solid, which was collected by vacuum filtra-
tion. The filter cake was rinsed with water (10 mL) to give the title
compound 15 (0.601 g, 94%) as a white solid: '"H NMR (400 MHz,
[Dg]IDMSO): 6=12.83 (s, 1H), 7.00 (s, TH), 3.90 ppm (s, 3H);
3CNMR (100 MHz, [Ds]DMSO): 6 =160.51, 124.74, 118.41, 113.07,
97.72, 35.64 ppm; HRMS (FAB) calcd for C,H<Br,NO,: 280.8687 [M]~;
found: 280.8676.

4-(3-Aminopropyl)-1H-imidazol-2-ylamine dihydrochloride (16):
This compound was prepared as previously reported.®?” 'H NMR
(300 MHz, [D¢]DMSO): 6=12.04 (brs, 1H), 8.25 (brs, 2H), 7.41 (s,
2H), 6.65 (s, TH), 2.75 (t, J=7.2 Hz, 2H), 2.52 (m, 2H), 1.85 ppm (tt,
J=75, 147 Hz, 2H); “CNMR (100 MHz, [DJDMSO): 6=146.9,
125.4, 108.9, 37.7, 25.5, 21.1 ppm; HRMS (FAB) calcd for C¢H;,N,S:
158.0752 [M+H]™"; found: 158.0743.

1H-Pyrrole-2-carboxylic acid [3-(2-amino-1H-imidazol-4-yl)propy-
llamide hydrochloride (17): 4-(3-Aminopropyl)-1H-imidazol-2-yl-
amine dihydrochloride (16, 0.100 g, 0.458 mmol), 2-(trichloroace-
tyl)pyrrole (6, 0.103 g, 0.488 mmol), and anhydrous sodium carbon-
ate (0.172 g, 1.63 mmol) were dissolved in anhydrous N,N-dimethyl-
formamide (5 mL). The reaction was stirred at ambient temperature
for 16 h. Evaporation of the reaction mixture under reduced pres-
sure and purification of the residue by column chromatography
(CH,Cl,/MeOH sat. NH; 85:15) afforded the desired compound in
its free base form. Addition of a single drop of concentrated hydro-
chloric acid to a methanol solution (8 mL) and evaporation under
reduced pressure yielded the title compound 17 (0.078 g, 63 %) as
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a white solid: "H NMR (300 MHz, [D¢]DMSO): 6 =12.07 (s, 1H), 11.59
(s, TH), 11.45 (s, TH), 8.14 (t, J=5.1 Hz, 1H), 7.30 (s, 2H), 6.81 (m,
2H), 6.74 (s, TH), 6.59 (s, 1H), 6.04 (s, 1H), 3.19 (dt, /J=6.6, 12.6 Hz,
2H), 242 (t, /=69 Hz, 2H), 1.75 ppm (tt, J=6.6, 13.8 Hz, 2H);
3C NMR (100 MHz, [D]DMSO): 6 =160.74, 146.76, 126.43, 126.40,
121.13, 110.28, 108.65, 108.50, 37.59, 28.14, 21.60 ppm; HRMS (ESI)
caled for C;;HNsO: 234.1349 [M+H]*; found: 234.1354.

4-Bromo-1H-pyrrole-2-carboxylic acid [3-(2-amino-1H-imidazol-
4-yl)propyllamide hydrochloride (18): Through the same general
procedure as used for the synthesis of 1H-pyrrole-2-carboxylic acid
[3-(2-amino-1H-imidazol-4-yl)propyllamide hydrochloride (17), 4-(3-
aminopropyl)-1H-imidazol-2-ylamine dihydrochloride (16, 0.132 g)
gave the target compound 18 (0.159 g, 74%) as an off-white solid:
"H NMR (300 MHz, [Dg]DMSO): § =12.20 (s, 1H), 11.85 (s, 1H), 11.57
(s, TH), 8.23 (m, TH), 7.31 (s, 2H), 6.97 (d, J=1.5Hz, 1H), 6.86 (d,
J=15Hz, 1H), 6.61 (s, 1H), 3.21 (m, 2H), 2.44 (t, 2H, J=7.2 Hz),
1.73 ppm (m, 2H); *C NMR (75 MHz, [D¢g]DMSO): 6 = 159.63, 146.68,
126.99, 126.40, 121.06, 111.61, 108.70, 9490, 37.67, 27.91,
21.56 ppm; HRMS (FAB) calcd for C,;H,sBrNO: 312.0460 [M+H]";
found: 312.0475.

4,5-Dibromo-1H-pyrrole-2-carboxylic acid [3-(2-amino-1H-imida-
zol-4-yl)propyllamide hydrochloride (19): Through the same gen-
eral procedure as used for the synthesis of 1H-pyrrole-2-carboxylic
acid [3-(2-amino-1H-imidazol-4-yl)propyllamide hydrochloride (17),
4-(3-aminopropyl)-1H-imidazol-2-ylamine  dihydrochloride (16,
0.100 g) afforded the title compound 19 (0.117 g, 59%) as an off-
white solid: "H NMR (300 MHz, [D¢g]DMSO): =833 (t, J=5.4 Hz,
1H), 7.07 (s, 2H), 6.95 (s, 1H), 6.56 (s, 1H), 3.22 (dt, J=6.0, 12.3 Hz,
2H), 2.43 (t, J=7.2 Hz, 2H), 1.73 ppm (tt, J=6.9, 13.8 Hz); *C NMR
(100 MHz, [D,]DMSO): 6=158.92, 146.87, 128.31, 126.75, 112.88,
108.82, 104.33, 97.76, 37.74, 27.89, 21.74 ppm; HRMS (FAB) calcd.
for C;;H,,Br,NsO: 389.9565 [M+H]™; found: 389.9570.

4,5-Dichloro-1H-pyrrole-2-carboxylic acid [3-(2-amino-1H-imida-
zol-4-yl)propyllamide hydrochloride (20): Through the same gen-
eral procedure as used for the synthesis of 1H-pyrrole-2-carboxylic
acid [3-(2-amino-1H-imidazol-4-yl)propyllamide hydrochloride (17),
4-(3-aminopropyl)-1H-imidazol-2-ylamine  dihydrochloride (16,
0.200 g) afforded the title compound 20 (0.204 g, 65%) as a white
solid: '"H NMR (300 MHz, [DJDMS0): 6 =8.32 (t, J=4.8 Hz, 1H), 6.91
(s, 2H), 6.53 (s, TH), 3.21 (dt, J=6.6, 12.6 Hz, 2H), 2.42 (t, J=7.2 Hz,
2H), 172 (tt, J=7.5, 14.1Hz, 2H)ppm; "CNMR (75 MHz
[DgIDMSO): 6=159.15, 147.11, 127.31, 125.14, 114.75, 109.82,
108.99, 107.77, 37.83, 28.03, 22.04 ppm; HRMS (ESI) calcd for
Cy;H14C1LNsO: 302.0569 [M+H]*; found: 302.0569.

1-Methylpyrrole-2-carboxylic acid [3-(2-amino-1H-imidazol-4-yl)-
propyllamide hydrochloride (21): Through the same general pro-
cedure as used for the synthesis of 1H-pyrrole-2-carboxylic acid [3-
(2-amino-1H-imidazol-4-yl)propyllamide hydrochloride (17), 4-(3-
aminopropyl)-1H-imidazol-2-ylamine dihydrochloride (16, 0.300 g)
delivered the target compound 21 (0.229 g, 58%) as a pale yellow
solid: "H NMR (300 MHz, [D¢g]DMSO): 6 =8.03 (t, J=5.1 Hz, 1H), 6.86
(m, 1H), 6.75 (m, 1H), 6.32 (s, 1H), 5.98 (m, 1H), 5.86 (brs, 2H), 3.82
(s, 3H), 3.17 (dt, J=6.3, 13.2Hz, 2H), 236 (t, J=7.2Hz 2H),
1.75 ppm (tt, J=7.2, 14.1 Hz, 2H); *CNMR (75 MHz, [D;]DMSO):
0=161.39, 148.11, 129.74, 127.47, 125.72, 112.09, 109.63, 106.53,
38.00, 36.15, 28.65, 23.30 ppm; HRMS (ESI) calcd for C;,H;gNsO:
248.1506 [M+H]"; found: 248.1514.

4-Bromo-1-methylpyrrole-2-carboxylic acid [3-(2-amino-1H-imi-
dazol-4-yl)propyllamide hydrochloride (22): Through the same
general procedure as used for the synthesis of 1H-pyrrole-2-carbox-
ylic acid [3-(2-amino-1H-imidazol-4-yl)propyllamide hydrochloride
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(17), 4-(3-aminopropyl)-1H-imidazol-2-ylamine dihydrochloride (16,
0.150 g) afforded the desired compound 22 (0.142 g, 56%) as a
pale yellow solid: '"H NMR (300 MHz, [DJDMSO): 6=8.17 (t, J=
5.7 Hz, 1H), 7.08 (d, J=1.2 Hz, TH), 6.91 (s, 2H), 6.85 (d, J=1.5 Hz,
1H), 6.52 (s, 1H), 3.80 (s, 3H), 3.17 (dt, J/=6.3, 129 Hz, 2H), 2.41 (t,
J=7.2Hz, 2H), 1.71 ppm (m, 2H); *CNMR (100 MHz, [D]DMSO):
0=160.29, 147.23, 127.39, 126.87, 126.43, 113.60, 108.94, 92.89,
37.75, 36.33, 28.02, 22.08 ppm; HRMS (ESI) calcd for C,,H;,BrN;O:
326.0610 [M+H]"; found: 326.0613.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [3-(2-amino-1H-
imidazol-4-yl)propyllamide hydrochloride (23): Through the
same general procedure as used for the synthesis of 1H-pyrrole-2-
carboxylic acid [3-(2-amino-1H-imidazol-4-yl)propyllamide hydro-
chloride (17), 4-(3-aminopropyl)-1H-imidazol-2-ylamine dihydro-
chloride (16, 0.200 g) gave the title compound 23 (0.258 g, 63 %)
as a white solid: '"H NMR (300 MHz, [DJDMSO): 6 =12.06 (s, 1H),
11.59 (s, 1H), 8.31 (t, J=5.4Hz, 1H), 7.32 (s, 2H), 7.03 (s, 1H), 6.60
(s, TH), 3.87 (s, 3H), 3.18 (dt, J=6.3, 123 Hz, 2H), 245 (t, 2H, J=
7.8Hz), 1.73ppm (m, 2H); *CNMR (75 MHz, [DJDMSO): 6=
159.77, 147.30, 127.99, 127.77, 114.00, 110.43, 109.06, 96.86; 37.94,
3538, 27.96, 22.28 ppm; HRMS (FAB) calcd for Cy,H¢Br,N;O:
403.9722 [M+H]*; found: 403.9728.

Oroidin hydrochloride (5): This compound was prepared as previ-
ously reported.®” "H NMR (300 MHz, [Dg]DMSO): 6=12.78 (s, 1H),
12.54 (s, 1H), 11.89 (s, 1H), 8.55 (t, J=6.0 Hz, TH), 7.47 (s, 2H), 6.99
(d, J=3.0Hz, 1H), 6.90 (s, 1H), 6.17 (m, 2H), 3.95 ppm (m, 2H);
BCNMR (100 MHz, [DgIDMSO): 6 =158.73, 147.46, 127.99, 126.85,
124.84, 116.15, 112.81, 111.15, 104.74, 97.91, 39.83 ppm; HRMS
(FAB) calcd for Cy;H;,Br,NsO: 387.9409 [M+H]*; found: 387.9402.

Sventrin hydrochloride (24): Through the same general procedure
as used for the synthesis of 1H-pyrrole-2-carboxylic acid [3-(2-
amino-1H-imidazol-4-yl)propyllamide hydrochloride (17), 4-(3-ami-
nopropenyl)-1H-imidazol-2-ylamine dihydrochloride (0.050 g) af-
forded sventrin hydrochloride (24, 0.062 g, 61%) as a pale yellow
solid: "H NMR (400 MHz, [D]DMSO): 6 =8.49 (t, J=5.6 Hz, 1H), 7.06
(s, TH), 6.77 (s, 2H), 6.75 (s, 1H), 6.19 (d, J=15.6 Hz, 1H), 6.02 (dt,
J=56, 112Hz, 1H), 3.94 (m, 2H), 3.89 ppm (s, 3H); CNMR
(100 MHz, [DgIDMSO): 6 =159.57, 147.44, 127.59, 126.75, 124.85,
116.25, 114.17, 111.20, 110.88, 96.98, 35.45 ppm; HRMS (ESI) calcd
for C,,H,,Br,Ns0: 401.9560 [M+H]*; found: 401.9560.

4-(2-Aminoethyl)-1H-imidazol-2-ylamine dihydrochloride (26):
1,4-Diaminobutan-2-one dihydrochloride (25, 0.300 g, 1.71 mmol)
and cyanamide (0.753g, 17.9 mmol) were dissolved in water
(10 mL). The pH of the solution was adjusted to pH 4.3, after which
the reaction mixture was heated at 95 °C for 3.5 h while open to
the atmosphere. After the systems had cooled to ambient temper-
ature, ethanol (10 mL) was added to the flask, and the solution
was evaporated to dryness. Purification of the residue by column
chromatography (MeOH sat. with NH;/CH,Cl, 90:10) yielded the
product as its corresponding free base. Addition of methanol
(10 mL) and concentrated hydrochloric acid followed by evapora-
tion in vacuo afforded the target compound 26 (0.211 g, 62%) as a
yellow solid: "H NMR (300 MHz, [Ds]DMSO): 6=6.21 (s, TH), 5.14
(brs, 2H), 2.81 (m, 2H), 2.47 ppm (m, 2H); HRMS (ESI) calcd for
CoHyyN,: 127.0978 [M+H]"; found: 127.0977.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [2-(2-amino-1H-
imidazol-4-yl)ethyllamide hydrochloride (27): Through the same
general procedure as used for the synthesis of 1H-pyrrole-2-carbox-
ylic acid [3-(2-amino-1H-imidazol-4-yl)propyllamide hydrochloride
(17), 4-(2-aminoethyl)-1H-imidazol-2-ylamine dihydrochloride (26,
0.150 g) afforded the title compound 27 (0.206 g, 64%) as an off-
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white solid: 'H NMR (300 MHz, [DJDMSOQ): 6=8.24 (t, J=5.1 Hz,
1H), 6.95 (s, 1H), 6.20 (s, TH), 5.02 (s, 2H), 3.87 (s, 3H), 3.31 ppm
(m, 2H); *CNMR (75 MHz, [D;]DMSO): 6 =159.54, 149.20, 128.14,
113.86, 113.69, 110.33, 99.14, 96.83, 35.33, 27.45 ppm; HRMS (ESI)
calcd for Cy;H,,Br,N;O: 389.9559 [M+H]*; found: 389.9574.

4-(4-Aminobutyl)-1H-imidazol-2-ylamine dihydrochloride (29):
Through the same general procedure as used for the synthesis of
4-(3-aminopropyl)-1H-imidazol-2-ylamine  dihydrochloride  (16),
lysine methyl ester dihydrochloride (28, 12.5 g) afforded the target
compound 29 (2.25g, 18%) as a yellow solid: 'H NMR (300 MHz,
[Dc]DMSO): 6=6.09 (s, TH), 4.96 (s, 2H), 2.56 (t, J=6.3 Hz, 2H),
2.27 (t, J=6.9 Hz, 2H), 1.35-1.51 ppm (m, 4H); *C NMR (100 MHz,
[Dc]DMSO):  6=149.11, 132.29, 110.59, 40.75, 3141, 26.62,
26.12 ppm; HRMS (ESI) calcd for C;H,sN,: 155.1291 [M+H]*; found:
155.1293.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [4-(2-amino-1H-
imidazol-4-yl)butyllamide hydrochloride (30): Through the same
general procedure as used for the synthesis of 1H-pyrrole-2-carbox-
ylic acid [3-(2-amino-1H-imidazol-4-yl)propyllamide hydrochloride
(17), 4-(4-aminobutyl)-1H-imidazol-2-ylamine dihydrochloride (29,
0.200 g) delivered the target compound 30 (0.216 g, 54%) as a
pale yellow solid: '"H NMR (300 MHz, [DJ]DMSO): 6=8.20 (t, J=
5.1 Hz, 1H), 6.99 (s, 1H), 6.35 (s, TH), 6.29 (brs, 2H), 3.86 (s, 3H),
3.17 (m, 2H), 2.35 (m, 2H), 1.49 ppm (m, 4H); *CNMR (100 MHz,
[Dc]DMSO): 6=159.66, 147.48, 12839, 128.06, 113.86, 110.37,
109.17, 96.85, 38.23, 35.35, 28.51, 25.48, 24.53 ppm; HRMS (ESI)
calcd for Cy5H,4Br,NsO: 417.9873 [M+H]"; found: 417.9870.

2-Amino-5-(3-aminopropylidene)-1,5-dihydroimidazol-4-one di-
hydrochloride:  4-(3-aminopropyl)-1H-imidazol-2-ylamine (16,
0.200 g, 0.930 mmol) was dissolved in anhydrous dimethyl sulfox-
ide (6 mL). Bromine (0.047 mL, 0.930 mmol) was added dropwise,
and the solution was stirred at room temperature for 1 h. Diethyl
ether (7 mL) was added, and the organics were then decanted. The
residue was purified by column chromatography (MeOH sat. with
NH;) to yield the desired product as its free base. Addition of con-
centrated hydrochloric acid to a methanol solution (8 mL) of the
free base, followed by evaporation under reduced pressure, afford-
ed the target compound (Z isomer exclusively, 0.141 g, 67 %) as a
tan solid: '"H NMR (300 MHz, [DJDMSO): §=12.10 (brs, 1H), 9.20
(brs, 2H), 8.18 (brs, 2H), 592 (t, /=7.8Hz, 1H), 296 (m, 2H),
2,66 ppm (m, 2H); CNMR (100 MHz, [DgDMSO): &=164.13,
156.63, 130.88, 113.70, 37.57, 24.94 ppm; HRMS (FAB) calcd for
C4H1oN,O: 155.0933 [M+H]*; found: 155.0943.

Dispacamide hydrochloride (31): Through the same general pro-
cedure as used for 2-amino-5-(3-aminopropylidene)-1,5-dihydroimi-
dazol-4-one dihydrochloride, dihydrooroidin hydrochloride (19,
0.185 g) gave dispacamide hydrochloride (31, 8:1 Z/E isomers,
0.120 g, 63%) as a tan solid: '"H NMR (300 MHz, CD;0D, Z isomer):
0=6.79 (s, TH), 6.14 (t, J=7.8Hz, 1H), 346 (t, J=6.9Hz, 2H),
2.58 ppm (dt, J=6.9, 14.7 Hz, 2H); *CNMR (75 MHz, [D;]DMSO):
0=164.32, 162.06, 157.58, 130.90, 128.75, 119.09, 114.51, 106.47,
100.15, 39.11, 28.81 ppm; HRMS (ESI) calcd for C,H;,Br,N;O,:
403.9352 [M+H]™; found: 403.9350.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [3-(2-amino-5-
oxo-3,5-dihydroimidazol-4-ylidene)propyllamide hydrochloride
(32): Through the same general procedure as used for 2-amino-5-
(3-aminopropylidene)-1,5-dihydroimidazol-4-one  dihydrochloride,
dihydrosventrin hydrochloride (23, 0.100 g) gave the title com-
pound 32 (0.048g, 47%) as a tan solid (Z isomer exclusively).
'H NMR (300 MHz, CD;0D): 6=6.84 (s, 1H), 6.16 (t, J=7.8 Hz, TH),
3.91 (s, 3H), 3.46 (t, J=6.9 Hz, 2H), 2.59 ppm (dt, J=6.9, 14.7 Hz,
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2H); CNMR (100 MHz, [DJDMSO): 6=163.80, 163.00, 157.19,
130.63, 129.04, 11942, 11592, 11267, 99.09, 39.06, 36.28,
28.73 ppm; HRMS (ESI) calcd for C;,H,,Br,NsO,: 417.9509 [M+H]™;
found: 417.9511.

General procedure for the synthesis of tryptophan-based Re-
gion C SAR analogues: Tryptamine hydrochloride (0.150 g,
0.763 mmol), the desired appropriately substituted (trichloroace-
tyl)pyrrole  (0.915 mmol), and anhydrous sodium carbonate
(0.162 g, 1.53 mmol), were dissolved in anhydrous N,N-dimethylform-
amide (5 mL). The reaction mixture was stirred at ambient tem-
perature for 8 h, after which it was partitioned between ethyl ace-
tate (75 mL) and water (35 mL). The organic layer was successively
washed with water (3x20 mL), an aqueous solution of HCl (1 N, 2%
35 mL), and brine (20 mL), dried over anhydrous sodium sulfate, fil-
tered, and concentrated under reduced pressure. Purification of
the crude residue by column chromatography (ethyl acetate/hex-
anes) yielded the final targets in the sublibrary.

1H-Pyrrole-2-carboxylic acid [2-(1H-indol-3-yl)ethyllamide: White
solid (80%); 'H NMR (300 MHz, [Dg]DMSO): 6=11.41 (s, 1H), 10.80
(s, TH), 8.11 (m, 1H), 7.58 (d, J/=7.5Hz, 1H), 7.33 (d, J=7.8 Hz, 1H),
7.16 (s, TH), 7.08 (t, J=6.6 Hz, TH), 6.97 (t, J=7.2 Hz, 1H), 6.83 (s,
1H), 6.74 (s, 1H), 6.06 (s, 1H) 3.47 (dt, J=7.2, 141 Hz, 2H),
2.90 ppm (t, J=7.5Hz, 2H); *CNMR (100 MHz, [D,JDMSO): 6=
160.69, 136.27, 12731, 126.53, 122.58, 121.13, 120.95, 118.36,
118.25, 112.00, 111.40, 109.66, 108.52, 39.47, 25.59 ppm; HRMS
(FAB) calcd for C;sHgN;O: 254.1293 [M+H]*; found: 254.1281.

4-Bromo-1H-pyrrole-2-carboxylic acid [2-(1H-indol-3-yl)ethyl]-
amide: White solid (81%); '"H NMR (300 MHz, [Dg]DMSO): 6 =11.81
(s, TH), 10.81 (s, 1H), 8.23 (t, J=6.0 Hz, TH), 7.56 (d, J=7.8 Hz, TH),
7.33 (d, J=8.1Hz, 1H), 7.16 (s, 1H), 7.06 (t, J=6.6 Hz, TH), 6.97 (m,
2H), 6.82 (s, 1H), 3.48 (dt, J=6.9, 13.5 Hz, 2H), 2.90 ppm (t, J=
7.8 Hz, 2H); *CNMR (100 MHz, [DJDMSO): 6=159.59, 136.25,
127.26, 127.14, 122.65, 121.06, 120.95, 11831, 118.25, 111.84,
111.41, 111.26, 94.12, 25.39 ppm; HRMS (FAB) calcd for C,sH;sBrN;O:
332.0398 [M+H]™; found: 332.0388.

4,5-Dibromo-1H-pyrrole-2-carboxylic acid [2-(1H-indol-3-yl)eth-
yllamide: White solid (60%); 'H NMR (300 MHz, [DgDMSO): &=
12.67 (s, 1H), 10.81 (s, TH), 8.25 (t, J=5.1Hz, 1H), 7.57 (d, J=
8.1Hz, 1H), 7.33 (d, J=8.4Hz, 1H), 7.15 (s, 1H), 7.07 (t, J=6.9 Hz,
1H), 6.97 (t, J=7.2 Hz, 1H), 6.90 (d, J=2.7 Hz, 1H), 3.47 (dt, /=6.6,
13.2Hz, 2H), 2.89 ppm (t, J=7.2Hz, 2H); *CNMR (100 MHz,
[D¢]DMSO): d=158.87, 136.25, 12841, 127.25, 122.70, 120.96,
118.29, 11827, 11242, 111.76, 111.41, 10439, 97.79, 39.57,
25.31 ppm; HRMS (ESI) calcd for C;sH,,4Br,N;O: 409.9498 [M+H]™;
found: 409.9501.

4,5-Dichloro-1H-pyrrole-2-carboxylic acid [2-(1H-indol-3-yl)eth-
yllamide: White solid (73%); 'H NMR (300 MHz, [D¢]DMSO): 6=
12.71 (s, TH), 10.81 (s, TH), 8.27 (m, 1H), 7.56 (d, J/=7.8 Hz, 1H),
7.32 (d, J=8.1Hz, 1H), 7.15 (s, 1H), 7.03 (t, J=6.9 Hz, 1H), 6.96 (t,
J=6.9 Hz, 1H), 6.86 (s, TH), 3.47 (dt, J=6.3, 13.2 Hz, 2H), 2.90 ppm
(t, J=7.5 Hz, 2H); *C NMR (75 MHz, [D]JDMSO): 6 =159.63, 136.91,
127.91, 125.80, 123.34, 121.61, 118.94, 118.91, 115.33, 11241,
112.07, 110.09, 108.54, 25.98 ppm; HRMS (FAB) calcd for
Cy5H13CIL,N;0: 321.0436 [M]7; found: 321.0429.

1-Methylpyrrole-2-carboxylic acid [2-(1H-indol-3-yl)ethyllamide:
White solid (63%); '"H NMR (300 MHz, [Dg]DMSOQ): 6 =10.81 (s, TH),
8.10 (t, J=5.4Hz, 1H), 7.57 (d, J=7.8Hz, 1H), 7.33 (d, /=8.1 Hz,
1H), 7.16 (s, 1H), 7.06 (t, J=7.2 Hz, TH), 7.00 (t, J=7.8 Hz, 1H) 6.87
(s, TH), 6.73 (d, J=2.1 Hz, TH), 6.00 (s, 1H), 3.84 (s, 3H), 3.45 (dt,
J=6.9, 14.1 Hz, 2H), 2.89 ppm (t, J=7.8 Hz, 2H); *C NMR (75 MHz,
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[Dg]DMSO): 6=161.31, 136.23, 127.46, 127.28, 12578, 122.57,
12091, 11832, 118.21, 111.98, 111.94, 111.36, 106.51, 36.16,
25.49 ppm; HRMS (FAB) calcd for C;¢H;gN;O: 268.1450 [M+HI]™;
found: 268.1434.

4-Bromo-1-methylpyrrole-2-carboxylic acid [2-(1H-indol-3-yl)eth-
yllamide: White solid (72%); 'H NMR (300 MHz, [D¢]DMSO): 6=
10.81 (s, 1H), 8.20 (t, J=5.4 Hz, 1H), 7.57 (d, J=7.8 Hz, 1H), 7.33 (d,
J=8.1Hz, 1H), 7.16 (d, J=1.8Hz, 1H), 7.07 (m, 2H), 6.97 (t, J=
6.9 Hz, 1H), 6.80 (d, J/=1.8 Hz, 1H), 3.82 (s, 3H), 3.45 (dt, J=6.9,
14.1Hz, 2H), 2.89 ppm (t, J=7.8Hz, 2H); *CNMR (75 MHz,
[Dc]DMSO): 0=159.94, 136.04, 127.08, 126.63, 126.42, 12248,
120.75, 118.12, 118.06, 113.24, 111.69, 111.23, 92.74, 36.31,
25.29 ppm; HRMS (FAB) calcd for C,¢H;sBrN;O: 345.0477 [M]™;
found: 345.0483.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [2-(1H-indol-3-
yl)ethyllamide: White solid (77%). '"H NMR (300 MHz, [D¢]DMSO):
0=10.81 (s, 1H), 832 (t, J=5.7Hz, 1H), 7.55 (d, J=7.5Hz, TH),
7.33 (d, J=8.1Hz, 1H), 7.16 (s, 1H,) 7.06 (t, J=7.2 Hz, 1H), 7.00 (t,
J=7.5Hz, 1H), 6.95 (s, 1H), 3.88 (s, 3H), 3.45 (dt, J=6.3, 13.5 Hz,
2H), 2.89 ppm (t, J=7.8 Hz, 2H); *CNMR (100 MHz, [D]DMSO):
0=159.66, 136.22, 128.15, 127.25, 122.67, 120.91, 118.24, 118.21,
113.78, 111.75, 111.37, 110.31, 96.81, 39.66, 35.32, 25.13 ppm; HRMS
(ESI) calcd for CigH;¢Br,N;0: 423.9654 [M+H]™; found: 423.9655.

General procedure for the synthesis of imidazole-based Re-
gion C SAR analogues (34-40): Histamine dihydrochloride 33
(0.100 g, 1.36 mmol), the desired appropriately substituted (tri-
chloroacetyl)pyrrole (1.43 mmol), and anhydrous sodium carbonate
(0.432 g, 4.08 mmol), were dissolved in anhydrous N,N-dimethylfor-
mamide (7 mL). The reaction mixture was stirred at ambient tem-
perature for 6 h, after which it was partitioned between ethyl ace-
tate (75 mL) and water (35 mL). The organic layer was washed suc-
cessively with water (3x20 mL), sat. NaHCO; (2x35 mL), and brine
(20 mL), dried over anhydrous sodium sulfate, filtered, and concen-
trated under reduced pressure. Purification of the crude residue by
column chromatography (CH,Cl,/methanol, 85:15) delivered the
desired targets in their free base forms. Addition of concentrated
HCI to methanolic solutions (8 mL) of the free bases, followed by
rotary evaporation, afforded the final analogues in this series as
their corresponding hydrochloride salts.

1H-Pyrrole-2-carboxylic acid [2-(1H-imidazol-4-yl)ethyllamide hy-
drochloride (34): White solid (54%); 'H NMR (400 MHz, [DJDMSO):
0=11.46 (s, 1H), 9.01 (s, 1H), 823 (t, TH, J=5.6 Hz), 7.46 (s, 1H),
6.82 (m, TH), 6.73 (m, TH), 6.05 (dd, J=2.8, 6.0 Hz, 1H), 3.50 (dt,
J=6.8, 128Hz, 2H), 2.87ppm (t, J=68Hz, 1H); "CNMR
(100 MHz, [Dg]DMSO): 6=161.40, 134.28, 131.82, 126.75, 122.01,
116.71, 110.80, 109.18, 37.98, 25.40 ppm; HRMS (FAB) calcd for
CyoH1sN,O: 205.1089 [M++H]; found: 205.1083.

4-Bromo-1H-pyrrole-2-carboxylic acid [2-(1H-imidazol-4-yl)eth-
yllamide hydrochloride (35): White solid (40%); '"H NMR (300 MHz,
[Dg]IDMSO): 6=11.80 (s, 1H), 8.18 (t, J=5.4Hz, TH), 7.53 (s, 1H),
6.96 (s, 1H), 6.80 (s, 2H), 3.41 (m, 2H), 2.70 ppm (t, J=7.2 Hz, 2H);
BCNMR (100 MHz, [DIDMSO): 6 =159.55, 134.72, 127.06, 121.10,
116.67, 111.28, 94.92, 38.83, 27.18 ppm; HRMS (FAB) calcd for
CyoH,2BrN,O: 283.0194 [M+H]"*; found: 283.0198.

4,5-Dibromo-1H-pyrrole-2-carboxylic acid [2-(1H-imidazol-4-yl)-
ethyllamide hydrochloride (36): White solid (35%); 'H NMR
(300 MHz, [DgIDMSO): 6=12.64 (brs, 1H), 8.20 (t, J=5.7 Hz, TH),
7.59 (s, TH), 6.89 (s, 1H), 6.83 (s, 1H), 3.41 (dt, J=7.2, 13.2 Hz, 2H),
2.71 ppm (t, J=7.2Hz, 2H); *CNMR (100 MHz, [DDMSO): 6 =
158.88, 133.83, 131.81, 128.10, 116.27, 112.97, 104.45, 97.84, 37.82,
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25.10 ppm; HRMS (FAB) calcd for C,oH;;Br,N,O: 360.9300 [M+H]™;
found: 360.9295.

4,5-Dichloro-1H-pyrrole-2-carboxylic acid [2-(1H-imidazol-4-yl)-
ethyllamide hydrochloride (37): White solid (62%); 'H NMR
(400 MHz, [Dg]DMSO): 6=12.82 (s, 1H), 9.02 (s, TH), 856 (t, J=
5.6 Hz, TH), 7.46 (s, 1H), 6.94 (d, J=2.8 Hz, 1H), 3.50 (dt, /=68,
12.8 Hz, 2H), 2.89 ppm (t, J=6.4Hz, 2H); *CNMR (100 MHz,
[Dg]DMSO): 0=159.04, 133.53, 130.96, 124.76, 116.10, 114.73,
110.16, 107.95, 37.49, 2443 ppm; HRMS (ESI) calcd for
CyoH;CI,N,O: 273.0304 [M+H]*; found: 273.0309.

1-Methylpyrrole-2-carboxylic acid [2-(1H-imidazol-4-yl)ethyl]-
amide hydrochloride (38): White solid (55%); 'H NMR (300 MHz,
[D]DMSO): 6 =14.60 (brs, TH), 14.32 (brs, 1H), 9.03 (s, TH), 8.17 (s,
1H), 7.50 (s, TH), 6.87 (s, 1H), 6.74 (s, 1H), 5.98 (d, J=2.7 Hz, 1H),
3.80 (s, 3H), 3.48 (m, 2H), 2.88 ppm (m, 2H); *C NMR (100 MHz,
[Dg]DMSO): 0=161.32, 134.68, 127.51, 12575, 116.69, 111.98,
106.57, 38.77, 36.14, 27.17 ppm; HRMS (ESI) calcd for C;H;sN,O:
219.1240 [M+H]*; found: 219.1245.

4-Bromo-1-methylpyrrole-2-carboxylic acid [2-(1H-imidazol-4-
yl)ethyllamide hydrochloride (39): White solid (54%); 'H NMR
(300 MHz, [DcIDMSO): 6 =11.86 (brs, 1H), 8.15 (m, 1H), 7.53 (s, TH),
7.06 (d, J=1.5Hz, 1H), 6.79 (m, 2H), 3.81 (s, 3H), 3.38 (m, 2H),
2,69 ppm (t, J=7.8Hz, TH); *CNMR (75 MHz, [DJDMSO): 6=
160.12, 134.66, 126.83, 126.52, 113.36, 92.85, 38.80, 36.29,
27.00 ppm; HRMS (ESI) calcd for Ci;H;,BrN,O: 297.0345 [M+H]™;
found: 297.0348.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [2-(1H-imidazol-
4-yl)ethyllamide hydrochloride (40): White solid (60%); 'H NMR
(300 MHz, [D]DMSO): 6=11.85 (brs, 1H), 8.26 (t, J=5.4Hz, 1H),
7.54 (s, 1H), 6.95 (s, 1H), 6.80 (s, TH), 3.87 (s, 3H), 3.39 (dt, J=6.9,
13.8Hz, 2H), 270 ppm (t, J=7.2Hz, 2H); *CNMR (100 MHz,
[D]DMSO): 6=159.72, 133.67, 131.48, 127.78, 116.20, 114.14,
110.62, 96.88, 37.75, 35.33, 24.71 ppm; HRMS (FAB) calcd for
CyHq3Br,N,O,: 374.9456 [M+H]; found: 374.9458.

4-(3-Aminopropyl)-1,3-dihydroimidazole-2-thione hydrochloride
(42): A solution of L-ornithine methyl ester hydrochloride (10.50 g,
47.9 mmol) in water (125 mL) was prepared in an Erlenmeyer flask.
The solution was cooled to 5 °C, and the pH was adjusted to a
value of 1.5 with concentrated HCI. While care was taken to main-
tain the above temperature and pH, Na(Hg) (5%, 250 g) was added
slowly to the solution over a period of 35 min. After the addition
was complete and bubbling had calmed, the Hg was decanted
from the solution. The remaining aqueous portion was drained
into a separate flask, and potassium thiocyanate (14.0 g,
144 mmol) and water (75 mL) were added. The pH of the solution
was adjusted to a value of 4.30, and the flask was then heated at
95 °C for 1.5 h while open to the atmosphere. After the system had
cooled to room temperature, ethanol (75 mL) was added, and the
reaction mixture was evaporated to dryness. The residue was
taken up in methanol and filtered to remove NaCl. After all of the
NaCl had been removed, the crude residue was purified by column
chromatography (CH,Cl,/MeOH sat. with NH; 80:20) to afford the
desired compound in its free base form. Addition of concentrated
hydrochloric acid to a methanol solution (50 mL) of the free base,
followed by evaporation to dryness, gave the title compound 42
(4519, 48%) as a tan solid: '"H NMR (300 MHz, [DJDMSO): 6=
11.92 (s, TH), 11.69 (s, TH), 7.77 (s, 2H), 6.58 (s, TH), 2.73 (m, 2H),
242 (t, J=6.6 Hz, 2H), 1.76 ppm (tt, J=7.5, 13.8 Hz, 2H); *C NMR
(100 MHz, [D¢]DMSO): 6=160.23, 128.03, 111.69, 38.08, 25.75,
21.27 ppm; HRMS (FAB) calcd for C¢H,,N;S: 158.0752 [M+H]";
found: 158.0743.
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General procedure for the synthesis of thioimidazol-2-one
Region C SAR analogues (43-49): 4-(3-Aminopropyl)-1,3-dihydro-
imidazole-2-thione hydrochloride (42; 0.150g, 0.774 mmol),
the desired appropriately substituted (trichloroacetyl)pyrrole
(0.852 mmol), and anhydrous sodium carbonate (0.246 g,
2.32 mmol) were dissolved in anhydrous N,N-dimethylformamide
(5 mL). The reaction mixture was stirred at ambient temperature
for 12 h, after which it was partitioned between ethyl acetate
(75 mL) and water (35 mL). The organic layer was successively
washed with water (3x20 mL), aqueous HCl (1N, 2%x35 mL), and
brine (20 mL), dried over anhydrous sodium sulfate, filtered, and
concentrated under reduced pressure. Purification of the crude res-
idue by column chromatography (CH,Cl,/methanol) afforded the
final analogues in this series.

1H-Pyrrole-2-carboxylic acid [3-(2-thioxo-2,3-dihydro-1H-imida-
zol-4-yl)propyllamide (43): Pale yellow solid (53%); 'HNMR
(300 MHz, [Dg]DMSO): 6 =11.40 (s, TH), 8.20 (t, J/=5.7 Hz, TH), 6.97
(s, TH), 6.82 (m, 1H), 6.75 (m, TH), 6.06 (dd, J=2.1, 5.4 Hz, 1H),
3.23 (dt, J=6.6, 129 Hz, 2H), 2.52 (m, 2H), 1.75 ppm (tt, /=7.2,
14.7 Hz, 2H); *CNMR (75 MHz, [DJDMSO): 6=160.80, 160.71,
130.67, 12631, 121.14, 113.24, 109.77, 10847, 37.67, 2832,
22.01 ppm; HRMS (FAB) calcd for C;;HsN,OS: 251.0967 [M+H1*;
found: 251.0961.

4-Bromo-1H-pyrrole-2-carboxylic acid [3-(2-thioxo-2,3-dihydro-
1H-imidazol-4-yl)propyllamide (44): Pale yellow solid (52%); 'H
NMR (300 MHz, [D¢]DMSO): 6 =11.87 (s, 1H), 11.81 (s, 1H), 11.65 (s,
1H), 8.10 (t, J=5.1Hz, 1H), 6.96 (s, TH), 6.83 (s, TH), 6.57 (s, TH),
3.18 (dt, J=6.3, 12.3 Hz, 2H), 2.37 (t, J=7.5 Hz, 2H), 1.71 (tt, /=6.9,
13.8Hz, 2H)ppm; "CNMR (100 MHz, [DJDMSO): &=160.35,
160.30, 130.05, 127.63, 121.74, 112.76, 112.04, 95.56, 38.43, 28.77,
22.52 ppm; HRMS (ESI) caled for C,,H,,BrN,OS: 329.0066 [M+H]";
found: 329.0062.

4,5-Dibromo-1H-pyrrole-2-carboxylic acid [3-(2-thioxo-2,3-dihy-
dro-1H-imidazol-4-yl)propyllamide (45): White solid (41%); 'H
NMR (300 MHz, [Dg]DMSO): 6 =12.68 (s, 1H), 11.86 (s, TH), 11.65 (s,
1H), 8.13 (t, J=5.1Hz, 1H), 6.91 (d, J=2.7 Hz, 1H), 6.57 (s, 1H),
3.17 (m, 2H), 2.36 (t, J=6.9 Hz, 2H), 1.70 ppm (tt, J/=6.9, 13.8 Hz,
2H); *CNMR (75 MHz, [DJDMSO): 0=160.04, 158.91, 128.85,
128.02, 11245, 111.30, 104.43, 97.76, 37.78, 27.95, 21.72 ppm;
HRMS (ESI) calcd for C;;H3Br,N,OS: 406.9171 [M+H]"; found:
406.9174.

4,5-Dichloro-1H-pyrrole-2-carboxylic acid [3-(2-thioxo-2,3-dihy-
dro-1H-imidazol-4-yl)propyllamide (46): Yellow solid (65%);
'H NMR (300 MHz, [D;]DMSO): 6 =12.71 (s, TH), 11.86 (s, TH), 11.65
(s, TH), 8.15 (m, 1H), 6.86 (s, 1H), 6.56 (s, TH), 3.17 (m, 2H), 2.36 (t,
J=7.5Hz, 2H), 1.71 ppm (m, 2H); *C NMR (100 MHz, [D¢]DMSO):
0=160.73, 159.70, 129.53, 125.60, 115.40, 111.97, 110.16, 108.55,
38.47, 28.62, 22.40 ppm; HRMS (FAB) calcd for C;H,,Cl,N,OS:
318.0109 [M]*; found: 318.0099.

1-Methylpyrrole-2-carboxylic acid [3-(2-thioxo-2,3-dihydro-1H-
imidazol-4-yl)propyllamide (47): Pale yellow solid (57%); 'H NMR
(300 MHz, [Dc]DMSO): 6=7.99 (m, TH), 6.99 (s, 1H), 6.86 (s, TH),
6.74 (m, 1H), 5.98 (m, 1H), 3.20 (dt, J=6.0, 12.3 Hz, 2H), 2.54 (t, /=
7.2 Hz, 2H), 1.77 ppm (tt, J=6.9, 14.1 Hz, 2H); *C NMR (75 MHz,
[DIDMSO): 6=161.38, 160.95, 127.51, 125.64, 115.10, 112.09,
106.50, 97.60, 37.71, 36.11, 28.32, 22.15 ppm; HRMS (ESI) calcd for
Cy,H,,N,0S: 265.1118 [M+H]"*; found: 265.1120.

4-Bromo-1-methylpyrrole-2-carboxylic acid [3-(2-thioxo-2,3-di-
hydro-1H-imidazol-4-yl)propyllamide (48): Yellow solid (54%);
'H NMR (300 MHz, [D¢]DMSO): 6=11.86 (s, 1H), 11.64 (s, 1H), 8.07
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(m, 1H), 7.07 (s, 1H), 6.81 (s, 1H), 6.56 (s, 1H), 3.80 (s, 3H), 3.13 (dt,
J=6.3, 129 Hz, 2H), 236 (t, J=7.8Hz, 2H), 1.69 ppm (m, 2H);
BCNMR (75 MHz, [DJDMSO0): 6 =160.25, 160.00, 128.95, 126.85,
126.45, 113.45, 111.34, 92.87, 37.70, 36.30, 27.96, 21.78 ppm; HRMS
(ESI) caled for C;,H,(BrN,OS: 343.0222 [M+H]*; found: 343.0223.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [3-(2-thioxo-2,3-
dihydro-1H-imidazol-4-yl)propyllamide (49): White solid (71%);
'H NMR (400 MHz, [Dg]DMSO): 6=11.85 (s, 1H), 11.64 (s, 1H), 8.19
(t, J=5.2Hz, 1H), 6.97 (s, 1H), 6.55 (s, 1H), 3.86 (s, 3H), 3.15 (dt, J=
6.4, 124 Hz, 2H), 236 (t, J=7.2Hz, 2H), 1.70 ppm (tt, J=7.2,
140 Hz, 2H); *CNMR (75 MHz, [DsJDMSO): 6=160.00, 159.76,
128.89, 128.10, 113.84, 111.33, 110.42, 96.84, 37.86, 35.35, 27.85,
21.77 ppm; HRMS (ESI) calcd for C;,H,sBr,N,OS: 420.9328 [M+H]";
found: 420.9327.

1-Bromo-5-phthalimidopentan-2-one: 4-Phthalimidobutanoic acid
(50, 4.64 g, 19.9 mmol) was dissolved in CH,Cl, (100 mL) at 0°C,
and a catalytic amount of DMF was added. Oxalyl chloride (5.2 mL,
59.6 mmol) was added dropwise, and the solution was then
warmed to room temperature. After 1 h, the solvent and excess
oxalyl chloride were removed under reduced pressure. The result-
ing solid was dissolved in CH,Cl, (10 mL) and added slowly to a
0°C solution of CH,N, (~60 mmol generated from Diazald®/KOH)
in Et,0 (170 mL). This solution was stirred at 0°C for 1.5 h, at which
point the reaction was quenched with the dropwise addition of
HBr (48%, 7.0 mL). The reaction mixture was diluted with CH,Cl,
(50 mL) and immediately washed with sat. NaHCO; and brine,
dried (MgSO,), filtered, and concentrated. The resulting white solid
was filtered and washed with Et,0O (100 mL) to obtain the title
compound (4779, 84%) as a fine white powder: 'HNMR
(300 MHz, [D,JDMSO): 6=7.85 (m, 4H), 432 (s, 2H), 3.57 (t, J=
6.9 Hz, 2H), 2.65 (t, J=6.9 Hz, 2H), 1.82 ppm (quint., J=6.9 Hz,
2H); *CNMR (75 MHz, [DJDMSO): 6=200.94, 168.05, 134.34,
131.68, 123.01, 36.94, 36.64, 36.37, 22.30 ppm; HRMS (ESI) calcd for
Cy5H,3BrNO;: 310.0073 [M+H]*; found: 310.0072.

2-Amino-4-(3-phthalimidopropyl)thiazole (51): 1-Bromo-5-phthali-
midopentan-2-one (0.500 g, 1.61 mmol) was dissolved in DMF
(3.5mL) at 0°C, and thiourea (0.135g, 1.77 mmol) was added
dropwise as a solution in DMF (0.50 mL). The solution was allowed
to warm to room temperature, and stirring was continued for 2 h,
at which point the DMF was removed under reduced pressure and
the resulting slurry was made alkaline with K,CO; (10%, 100 mL).
The aqueous solution was then extracted with EtOAc (3 x40 mL),
and the organic layer was washed with brine (50 mL), dried
(Na,SO,), filtered, and concentrated to obtain 51 (448 mg, 97 %) as
a fine white powder in its free base form: 'H NMR (300 MHz,
[Dg]IDMSO): 6=7.85 (m, 4H), 6.78 (s, 2H), 6.13 (s, TH), 3.56 (t, J=
6.9 Hz, 2H), 242 (t, J=7.5Hz, 2H), 1.88 ppm (quint., J=7.5 Hz,
2H); “CNMR (75 MHz, [D;JDMSO): 6=168.01, 167.87, 151.20,
134.25, 131.61, 122.89, 100.17, 37.27, 28.70, 27.09 ppm; HRMS (ESI)
calcd for C;,H,N;0,S: 288.0801 [M+H]*; found: 288.0799.

2-Amino-4-(3-aminopropyl)thiazole dihydrochloride: Thiazole 51
(0.300 g, 1.04 mmol) was dissolved in MeOH (4.5 mL), and N,H,
(0.10 mL, 3.20 mmol) was added dropwise to the stirring solution.
The solution was stirred at room temperature for 1 h, warmed to
55 °C for 0.5 h, and then cooled to room temperature. The slurry
was filtered, and the filtrate was concentrated under reduced pres-
sure. The resulting residue was purified by flash column chroma-
tography (MeOH/CH,Cl,, 50-100%, followed by TEA/MeOH 5-7 %)
to obtain the corresponding free base (0.148 g, 90%) as a fine
white powder. Addition of concentrated HCl to a cold methanolic
solution (8 mL) of the free base, followed by evaporation under re-
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duced pressure, delivered the title compound as its dihydrochlor-
ide salt. '"H NMR (300 MHz, [DJDMSO): 6 =9.07 (brs, 2H), 8.06 (brs,
3H), 6.57 (s, TH), 2.78 (m, 2H), 2.62 (t, J=7.2 Hz, 2H), 1.87 ppm
(quint., J=7.2 Hz, 2H); ®*CNMR (75 MHz, [DJDMSO): 6=169.90,
139.21, 102.13, 37.68, 25.10, 24.47 ppm; HRMS (ESI) calcd for
CgH,,N5S: 158.0746 [M+H]*; found: 158.0745.

General procedure for the synthesis of 2-AT Region C SAR ana-
logues: 2-Amino-4-(3-aminopropyl)thiazole (0.200 mmol), the ap-
propriately substituted (trichloroacetyl)pyrrole (0.210 mmol), and
anhydrous potassium carbonate (0.300 mmol) were dissolved in
anhydrous N,N-dimethylformamide (1.5 mL) and allowed to stir for
16 h at room temperature. The mixture was then concentrated
under reduced pressure, and the resulting residue was dissolved in
EtOAc (40 mL) and washed with H,O (320 mL) and brine (20 mL),
dried (Na,SO,), filtered, and concentrated. The crude residue was
purified by flash column chromatography (EtOAc/hexanes 30-
100%, followed by MeOH/EtOAc 5-10%) to obtain pure product.
Addition of concentrated HCl to methanolic solutions (5 mL) of the
free bases, followed by concentration under reduced pressure, af-
forded the requisite analogues for this series as their hydrochloride
salts.

1H-Pyrrole-2-carboxylic acid [3-(2-aminothiazol-4-yl)propyll-
amide hydrochloride: Tan solid (64%); 'HNMR (300 MHz,
[Dg]DMSO): 6=11.51 (s, TH), 9.26 (s, 2H), 8.21 (s, TH), 6.84 (s, 1H),
6.79 (s, TH), 6.59 (s, 1H), 6.07 (d, J=2.7 Hz, 1H), 3.24 (q, /=5.7 Hz,
2H), 257 (t, J=7.2Hz, 2H), 1.79 ppm (quint., J=7.2Hz, 2H);
BCNMR (75 MHz, [DJDMSO): 6 =169.90, 160.68, 139.79, 126.28,
121.02, 110.02, 108.34, 101.61, 37.49, 27.59, 24.93 ppm; HRMS (ESI)
calcd for C;;H;5N,0S: 251.0961 [M+H]™; found: 251.0960.

4,5-Dibromo-1H-pyrrole-2-carboxylic acid [3-(2-aminothiazol-4-
yl)propyllamide hydrochloride: Tan solid (56%); 'HNMR
(400 MHz, [Dg]DMSO): 0=12.76 (s, 1H), 9.19 (s, 2H), 8.36 (t, J=
5.6 Hz, 1H), 6.96 (d, J=2.0 Hz, TH), 6.58 (s, 1H), 3.23 (g, J=7.2 Hz,
2H), 256 (t, J=7.2Hz, 2H), 1.78 ppm (quint., J=7.2Hz, 2H);
BCNMR (75 MHz, [DJDMSO): 6=169.91, 158.87, 139.93, 128.23,
112.81, 104.20, 101.70, 97.76, 37.67, 27.35, 25.00 ppm; HRMS (ESI)
calcd for C;;H,5Br,N,0S: 406.9171 [M+H]*; found: 406.9165.

1-Methylpyrrole-2-carboxylic acid [3-(2-aminothiazol-4-yl)pro-
pyllamide hydrochloride: Tan solid (56%); 'H NMR (300 MHz,
[Dg]DMSO): 6 =9.19 (brs, 2H), 8.08 (m, 2H), 6.88 (t, J=2.1 Hz, 1H),
6.78 (dd, J=3.9, 2.1 Hz, 1H), 6.57 (s, 1H), 5.99 (dd, J=3.9, 2.7 Hz,
1H), 3.82 (s, 3H), 3.20 (q, J=7.2 Hz, 2H), 2.55 (t, J=7.2 Hz, 2H),
1.78 ppm (quint., J=7.2 Hz, 2H); *C NMR (75 MHz, [DJDMSO): 6 =
169.83, 161.37, 139.93, 127.40, 125.54, 112.04, 106.40, 101.54, 37.44,
35.94, 27.52, 24.98 ppm; HRMS (ESI) caled for C,,H,,N,0S: 265.1118
[M+H]"; found: 265.1117.

4,5-Dibromo-1-methylpyrrole-2-carboxylic acid [3-(2-aminothia-
zol-4-yl)propyllamide hydrochloride: Tan solid (62%); 'H NMR
(400 MHz, [Dg]IDMSO): 6 =9.02 (brs, 2H), 8.29 (m, TH), 7.02 (s, 1H),
6.55 (s, 1H), 3.87 (s, 3H), 3.19 (q, /=6.8 Hz, 2H), 2.53 (m, 2H),
1.77 ppm (t, J=6.8 Hz, 2H); *CNMR (75 MHz, [DJDMSO): 6=
169.92, 159.83, 140.23, 128.03, 114.03, 110.40, 101.71, 96.86, 37.78,
35.34, 27.31, 25.14 ppm; HRMS (ESI) calcd for C;,H,sBr,N,OS:
420.9328 [M+H]*; found: 420.9321.
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Rapid and Efficient DNA Strand Cross-Linking by Click

Chemistry

Petr Kocalka, Afaf H. El-Sagheer, and Tom Brown*?

Click chemistry has been used to covalently cross-link comple-
mentary DNA strands between bases to form very stable duplex-
es. Several alkyne- and azide-modified uracil monomers were
used to evaluate the effect of the linkers on the efficiency of the

Introduction

The Huisgen [342] cycloaddition reaction has been known to
chemists for many decades."™ The copper-catalysed variant
(CUAAC), the best example of click chemistry™ was recently
discovered by Meldal®™ and Sharpless.®” Cu' catalysis increases
the reaction rate dramatically and exclusively affords the 1,4-
regioisomer of the 1,2,3-triazole. Reactions are usually very effi-
cient at ambient temperature, are tolerant of other functional
groups and require minimal work-up and purification.®” More-
over the reaction can be performed in a variety of solvents, in-
cluding water. For these reasons the CuUAAC reaction has been
widely exploited by synthetic and biological chemists. In the
nucleic acids field it has been used to attach DNA to micro-
arrays,” to couple oligonucleotides to self-assembled monolay-
ers,'? to immobilise oligonucleotides on glass substrates for
microcontact printing,"" for the preparation of protein-oligo-
nucleotide conjugates,’” for labelling oligonucleotides with
various reporter groups,'*" for intrastrand cross-linking, cycli-
sation and catenation of DNA duplexes,”*?® and for ligating
single stranded oligonucleotides and PNA to peptides.?”
Cross-linked DNA duplexes have applications in many fields
including DNA repair,>*=% gene regulation,®" reversible control
of DNA hybridisation® and as aptamers and decoys to seques-
ter DNA-binding proteins.®?**¥ In addition, they have potential
in nanotechnology for the assembly of stable DNA nanoar-

o
[~o" Lo
oo Us----A -0-P=0
5 T, o)
N 0 N
N, o
t = cu' 0 N C|>
= o=p-O Aereeet U —
1o/

Scheme 1. Interstrand cross-linking between azide and alkyne-modified
uracil bases in complementary oligonucleotides.
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click reaction. All cross-linked duplexes had much higher thermal
stabilities than non-cross-linked ones, with increases in melting
temperature of up to 30°C. In some cases, the conversion was
near-quantitative, and the reaction was complete in 5 min.

rays.® Recently we have shown that the CuAAC reaction can
be used to synthesise very stable cyclic DNA miniduplexes by
forming triazole linkages between the sugar-phosphate back-
bones at the termini.”® In this paper we demonstrate the use
of click chemistry to cross-link complementary DNA strands
internally through modified nucleobases (Scheme 1). The
method described here is very efficient, simple and compatible
with standard methods of oligonucleotide synthesis.

Results and Discussion

Synthesis of oligonucleotides containing alkyne or azide
groups attached to deoxyuridine

The objective of this study was to investigate the utility of the
CuAAC reaction for the cross-linking of two DNA strands be-
tween modified uracil bases (Scheme 1). For this purpose, a
single deoxyuridine (dU) nucleoside modified with a terminal
alkyne was incorporated into one strand, and an azide-modi-
fied dU was inserted in its complement. Two different 5-
alkyne-modified deoxyuridines were evaluated. The first, 5-eth-
ynyl-2'-deoxyuridine has the closest possible attachment of the
alkyne to the nucleobase, and the other, 5-(octa-1,7-diynyl)-2'-
deoxyuridine, has a flexible linker between the base and the
terminal alkyne. The phosphoramidite building blocks 1 and 2)
were synthesised by published procedures!*''%3? and intro-
duced into the oligonucleotides during solid-phase synthesis.
The coupling efficiencies of the alkynyl dU monomers during
oligonucleotide assembly were greater than 98 %.

The synthesis of oligonucleotides containing azide function-
alities involves incorporation of amino-modified nucleosides
3a and 4a by using phosphoramidites 3 c and 4c¢, respectively

[a] Dr. P. Kocalka, Dr. A. H. El-Sagheer, Prof. T. Brown
School of Chemistry, University of Southampton
Highfield, Southampton SO17 1BJ (UK)

Fax: (+44) 2380-592991
E-mail: tb2@soton.ac.uk

0

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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(Scheme 2) followed by postsynthetic derivatisation of the

amines with the NHS ester of 4-azidobutyric acid (5)*? or 6-azi-
dohexanoic acid 6.°” This provided DNA strands containing
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N3M01N: _/\ N3MO’N: -/\
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four different azides with varying linker lengths (10, 12, 15 and
17 atoms). This postsynthetic labelling procedure avoids expo-
sure of the azide to the conditions of solid-phase oligonucleo-
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0 >
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tide synthesis and deprotection, and gives good yields of the
desired azide-labelled oligonucleotides ON4-ON7 (Table 1).

RP-HPLC of the oligonucleotides and mass spectrometry
showed complete derivatisation of the amino groups.

The CuAAC reaction between complementary DNA strands

The above building blocks provide a useful toolkit to explore
the effects of the various linkers on the efficiency of the
CuAAC reaction between complementary DNA strands. Experi-

ments were carried out to determine the nature and

0 location of the alkyne-azide pairs necessary for effi-

NH cient reaction. The relevant alkyne (Y) was inserted
as the fifth nucleotide from the 5-end of the 14-mer
(ON1 and ON2), or at the third position (ON3), and
the azide (Z) was located four nucleotides from the
3’-end in ON4-ON7. Complementary pairs of alkyne-
and azide-labelled oligonucleotides were studied as
described below.

For the DNA interstrand cross-linking (reactions
R1, R2 and R3 in Figure 1), the Cu' catalyst was pre-
pared in situ from Cu" sulfate (200 equiv relative to
DNA) and sodium ascorbate (10 equiv relative to Cu"
sulfate). The water-soluble tris-hydroxypropyltriazo-
lylamine Cu"-binding ligand®® was used in sevenfold
excess relative to Cu" sulfate. All ligation reactions
were carried out in 0.2m aqueous NaCl to ensure

Table 1. List of oligonucleotides

Code Oligonucleotide Building Label Linker
Block length®

ON1 3'-TGTCTTAAGYATAA-5 1 - 0

ON2 3-TGTCTTAAGYATAA-5 2 - 6

ON3 3'-TGTCTTAAGTAYAA-5 2 - 6

ON4 5-ACAGAATTCAZATT-3' 3a 5 15

ON5 5-ACAGAATTCAZATT-3' 3a 6 17

ONé6 5-ACAGAATTCAZATT-3’ 4a 6 12

ON7 5'-ACAGAATTCAZATT-3' 4a 5 10

ON8 3'-TGTCTTAAGTATAA-5’ - - -

ON9 5'-ACAGAATTCATATT-3’ - - -

Y =alkyne moiety, Z=azide moiety. [a] Calculated from the functional

group to the 5-position of the uracil base.

W\(“
DMTO\Q'

b
PN

O

NC\/\

4c

Scheme 2. Synthesis of protected aminopentynyl dU phosphoramidite monomer. a) Hydrazine hydrate, EtOH, then CF;COOEt, DMAP, THF; 38 %. b) DCM,

DIPEA, 2-cyanoethoxy-N,N-diisopropylaminochlorophosphine; 60 %.
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complete formation of the duplex, and
a standard reaction time of 2h was
used. The reaction was quenched by

ah

e eluting down a NAP-25 gelfiltration
column, and the ligated DNA duplexes
' were purified by RP-HPLC. The efficien-
cy of cross-linking was evaluated by de-
: : L4 naturing 8% PAGE (Figure 1).

The click reaction R1 between ON1
and ON4 (ethynyl dU-+azide on the
15-atom side chain) was not efficient,
probably due to steric hindrance at the
alkyne. A similar observation was made
by Carell et al. when using the CuAAC
reaction for postsynthetic oligonucleo-
tide labelling."® Reactions R2 (ON2 -
ON4) and R3 (ON3 + ON4), that is, oc-
tadiynyl dU and azide with a 15 atom
spacer, went smoothly to completion in
2 h. Thus, in these cases, the length of
the linkers and the steric environment were suitable.

Next the effects of reducing quantities of reagents on the ef-
ficiency of the CuAAC reaction were determined. The success-
ful reaction between ON3 and ON4 was repeated with signifi-
cantly smaller excesses of reagents. In the new reaction (R4 in
Figures 2 and 3), 5 equiv of Cu" sulfate, relative to oligonucleo-
tide, were used at a concentration of 125 um instead of the
previous 200 equiv at 2 mm, keeping the same ratios of Cu'/as-

S1Rl 2 RRRISY

Figure 1. Denaturing
8% PAGE; S=mixture
of alkyne and azide
non-cross-linked oligo-
nucleotide starting ma-
terials, R=reaction mix-
ture: R1=0N1 + ON4,
R2=0N2+ON4,
R3=0ON3+ON4.

S4 R4 S5 R5 S6 R6 S7 R7 S8 RS

Figure 2. Denaturing 8% PAGE; S=mixture of non-cross-linked alkyne and
azide oligonucleotides, 0.5 OD, R=reaction mixture, 0.2 OD: R4=0N3 +
ON4, R5=0N2 + ON5, R6 =0ON2 + ON6, R7 =ON3 + ON6, R8 =ON3 + ON?7.

Abs at 254 nm

b

15.0 20.0 250 30.0
t/ min

Figure 3. Capillary electrophoresis of reaction mixture R4 (ON3 + ON4) after
2 h.
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corbate/tris-hydroxypropyltriazolylamine ligand®®

ly, that is, 1:10:7.

The reaction went smoothly to completion within 2 h
(Figure 3) as did all other reactions R5-R8 with these lower
quantities of reagents (Figure 2). Neither the length of the
azide linker (ON4-ON7) nor the position of octadiynyl group in
the oligonucleotide (ON2, ON3) affected the yield or the rate
of reaction. A space-filling model of one of these products (R8)
is shown in Supporting Information.

This shows that cross-linking of these complementary DNA
strands requires no more than five equivalents of Cu' and is
not sensitive to linker length in the range between 16 and 23
atoms. The presence of the linker in the major groove of the
cross-linked duplex has no significant effect on DNA conforma-
tion, and the CD spectrum of the double-stranded products
confirmed the presence of helically stacked nucleotides, consis-
tent with the B-family of conformations (Figure 4 and Support-
ing Information).

as previous-

25+
20
15 4

10 4

5+ \Y /\\
0

5

Absorbance

=

104

200 ZéO 2:10 2&0 ZéO ' 360 3&0 340
Al nm

Figure 4. CD spectra of cross-linked (-----) and non-cross-linked (——) DNA
duplex (reaction R3 =ONS3 -+ ON4).

The above reactions were carried out for 2 h. Short reaction
times have obvious advantages, so the minimum time required
for completion of the CuAAC reaction between complementa-
ry DNA strands was investigated. Reactions were performed
under an argon atmosphere in capped vials from which sam-
ples were collected at specific times, desalted and analysed by
MALDI-TOF-MS, capillary electrophoresis and denaturing 8%
PAGE. Analysis of the results for ON2+ON6=R6 indicated
that the reaction was essentially complete in 5 min (gel-elec-
trophoresis in Figure 5 and mass spectrum in the Supporting
Information). The same results were also obtained for R4
(ON3+ON4) and R5 (ON2-+ONS5; data not shown). These
transformations are remarkably fast and illustrate the power of
the CuAAC reaction.

The cross-linked DNA duplexes from reactions R4-R8 were
purified by RP-HPLC, characterised by mass spectrometry and
analysed by both PAGE (denaturing 8%) and capillary electro-
phoresis (CE). Duplex stability was then measured by UV melt-
ing and confirmed by fluorescence melting to determine the
effects of the various triazole cross-links. Importantly all cross-

ChemBioChem 2008, 9, 1280 - 1285
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5 15 30 60 120 control

-
o

t/ min

Figure 5. Monitoring of the click reaction between oligonucleotides ON2
and ON6 on denaturing 8% PAGE. Control is mixture of ON2 and ON6 with-
out Cu'.

linked duplexes had essentially the same ultraviolet melting
temperatures at 0.25 and 4.0 um concentrations, in contrast to
the non-cross-linked duplexes, thus confirming the intramolec-
ular nature of the former (Table 2). Close contact between
complementary DNA strands favours base-pair formation rela-
tive to interactions between the unpaired bases and their sur-
rounding water molecules, and these studies confirm the ex-
pectation that interstrand cross-linking leads to a significant in-
crease in duplex stability. The magnitude of the increase (in
some cases >30°C) varies slightly according to the nature of
the linker and position of the alkyne in the oligonucleotide. Lo-
cating the octadiynyl group at position 3 close to the 5-end of

Table 2. Characterisation of duplexes.
Fluorescence melt- UV melting temperatures [°C]
ing
Oligo- temperatures [°C] [DNA duplex] [DNA duplex]
0.25 um 4.0 um
nucleotides T AT, T AT, T AT,
ON8/ON9 53.0 - 41.2 - 46.5 -
ON1/ON4 n/a - n/a - n/a -
ON1/0ON4“  n/a - n/a - 68.6 22.1
ON2/ON4 518 —-1.2 n/a - 439 —2.6
ON2/ON4“ 708 17.8 66.3 25.1 67.7 21.2
ON3/ON4 533 0.3 n/a - 45.7 -0.8
ON3/0N4™ 77.2 24.2 70.9 29.7 71.7 25.2
ON2/ON5 527 03 38.6 —26 44.2 —-23
ON2/ON5% 742 212 66.7 25.5 67.6 21.1
ON2/ON6 54.7 1.7 39.9 —-1.3 45.6 -0.9
ON2/ON6“ 751  22.1 67.8 26.6 68.3 21.8
ON3/ON6 54.1 1.1 41.0 —0.2 45.7 -0.8
ON3/ON6“ 782 2522 72.7 315 723 25.8
ON3/ON7 54.2 1.2 41.1 —0.1 454 -1
ON3/ON7% 79.0 26.0 >72 >30 >72 >25
: cross-linked DNA duplexes. Details of procedures in the Experimental
Section. AT, columns show the changes in T, values per modification
compared with the reference duplex ON8/ON9.

ChemBioChem 2008, 9, 1280 - 1285

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the duplex at a TpA step (ON3 + ON4, ON3 +ONS6, that is, R4,
R7) yields slightly more stable DNA duplexes than when it is at
position 5 (ApT step, ON2 + ON4, ON2 + ON6, that is, R2, R6).
Clearly an alkyne at position 3 is located in a less-stable A-T-
rich region of the duplex than one in position 5, as it is closer
to the end where fraying occurs. Adding stability to this region
by covalent cross-linking has a particularly large effect on
duplex stability. There is also a difference in the base-stacking
environment of the alkyne in the two cases (AYA at position 3
vs. AYG at position 5).

Conclusions

Oligonucleotides have been synthesised with ethynyl and octa-
diynyl groups attached to uracil bases and cross-linked to com-
plementary azide-labelled oligonucleotide strands to vyield
stable DNA duplexes. Octadiynyl dU, in contrast to ethynyl dU,
gave near-quantitative conversion to the cross-linked triazole
products in two different base-stacking environments. In all
cases, the cross-linked duplexes were thermally very stable and
displayed conformational properties typical of B-DNA. The
CuAAC reaction is a powerful method for building covalently
cross-linked DNA constructs and could be a useful tool in
nanotechnology and in biological applications.

Experimental Section

General experimental: Unless stated otherwise, all reagents ob-
tained from commercial suppliers were used without further purifi-
cation. The following solvents were purified by distillation: di-
chloromethane (DCM), N,N-diisopropylethylamine (DIPEA), Et;N and
pyridine (over calcium hydride). All reactions were carried out
under an argon atmosphere in oven-dried glassware with purified
and distilled solvents. Disposable Sephadex G25 NAP columns
were purchased from GE Healthcare. Water-soluble tris-hydroxypro-
pyltriazolylamine Cu'-binding ligand was synthesised according to
the method reported ref. [38]. Column chromatography was car-
ried out under argon pressure by using Fisher Scientific DAVISIL
60A (35-70 micron) silica. 'H and "3C NMR spectra were measured
on a Bruker AV300 or a Bruker DPX400 spectrometer. Chemical
shifts are given in ppm relative to tetramethylsilane; J values are
given in Hz and are correct to within 0.5 Hz. All spectra were inter-
nally referenced to the appropriate residual undeuterated solvent
signal. Multiplicities of "*C signals were determined by using the
DEPT spectral-editing technique. *'P NMR spectra were recorded on
a Bruker AV300 spectrometer at 121 MHz and were externally refer-
enced to 85% phosphoric acid in deuterated water. Low-resolution
mass spectra were recorded by using the electrospray technique
on a Fisons VG platform instrument or a Waters ZMD quadrupole
mass spectrometer in acetonitrile (HPLC grade). High-resolution
mass spectra were recorded in acetonitrile, methanol or water
(HPLC grade) by using the electrospray technique on a Bruker
APEXIIl FT-ICR mass spectrometer. MALDI-TOF MS were recorded
by using a ThermoBioAnalysis Dynamo MALDI-TOF mass spectrom-
eter in positive-ion mode with oligonucleotide d(T), standards.
Thin-layer chromatography (TLC) was carried out on aluminium-
backed silica-gel plates (60 F,s,, 0.2 mm, Merck) with the following
solvent systems: A) ethyl acetate/methanol/ammonia (5:1:1) for nu-
cleosides; B) chloroform/ethanol (9:1) for compounds containing
the DMT group. Products were visualised on TLC by UV absorption
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at 264 nm, by staining with anisaldehyde or potassium permanga-
nate solution, or, for compounds containing a DMT group, by ex-
posure to 10% sulfuric acid in ethanol.

5'-0-(4,4’-Dimethoxytrityl)-5-(5"-trifluoroacetamido-1"-pentynyl)-
2'-deoxyuridine (4b): Hydrazine monohydrate (73 uL, 1.5 mmol)
was added to a solution of 5-O-(4,4"-dimethoxytrityl)-5-(5"-phthali-
mido-1"-pentynyl)-2'-deoxyuridine™” (519 mg, 0.7 mmol) in a mix-
ture of ethanol (6 mL) and water (3 mL), and the solution was
stirred at room temperature overnight. Water (6 mL) was then
added, and the suspension was washed with DCM (3x 15 mL). The
organic layers were combined and concentrated in vacuo, and the
crude product was purified by silica-gel flash column chromatogra-
phy (pre-equilibrated with 1% Et;N in DCM), eluting with methanol
in DCM (0-30%+ 1% Et;N). This yielded the amine intermediate
(200 mg, 0.33 mmol), which was dissolved in THF (5 mL). DMAP
(40 mg, 0.3 mmol) and ethyl trifluoroacetate (0.66 mmol) were
added to the solution, and the reaction mixture was stirred over-
night at room temperature, then concentrated and purified by
silica-gel flash column chromatography (pre-equilibrated with 1%
Et;N in chloroform) eluting with ethanol in chloroform (0-10%).
This yielded the product 4b as a foam (188 mg, 38 % over 2 steps).
"HNMR (400 MHz, [DJDMSO): 6=11.60 (s, TH; NH), 9.39 (t, J=
5.3 Hz, 1H; NHCOCF,), 7.87 (s, 1H; H-6), 7.42-7.20 (m, 9H; DMT),
6.89-6.87 (m, 4H; DMT), 6.13 (t, J=6.6 Hz, 1H; H-1"), 5.32-5.31 (d,
J=4.4Hz, 1H; 3’-OH), 4.29 (m, 1H; H-3), 3.92 (m, 1H; H-4), 3.74 (s,
6H; OCH,), 3.26-3.10 (m, 4H; H-5+H-5"), 2.29-2.17 (m, 4H; H-
3"4+H-2), 157-1.50 (m, 2H; H-4"); "CNMR (100.6 MHz,
[Dg]DMSO): 6=162.15 (uracil C-4), 158.55 (uracil C-2), 156.69
(COCF;), 149.81, 145.22 (DMT), 142.64 (uracil C-6), 136.03, 135.81,
130.14, 130.11, 128.31, 128.05, 127.08 (DMT), 116.38 (COCF;), 113.65
(DMT), 99.60 (uracil C-5), 92.76 (C-2"), 86.32 (C-4'), 85.26 (C-1'),
73.15 (C-1"), 70.90 (C-3'), 64.14 (C-5'), 55.46 (OCH;), 40.44, 38.92 (C-
2, C-5"), 27.75 (C-4"), 16.83 (C-3"); LRMS (ES™, MeCN) m/z 730
[M+Nal™; HRMS calcd for Cs,Hs6FsN;NaOg: 730.2347 [M+Nal ™,
found 730.2343.

3’-0-(2-cyanoethoxy-N,N-diisopropylaminophosphinyl)-5’-0-(4,4 -
dimethoxytrityl)-5-(5"-trifluoroacetamido-1"-pentynyl)-2’-deoxy-
uridine (4c): Compound 4b (520 mg, 0.74 mmol) was dried in
an evacuated heating pistol over KOH at 40°C overnight then
dissolved in DCM (7 mL) under argon. DIPEA (645 pL, 3.7 mmol)
and 2-cyanoethoxy-N,N-diisopropylaminochlorophosphine (198 uL,
0.9 mmol) were added, and the reaction mixture was stirred for 1 h
under argon, diluted with DCM (15 mL) and washed with saturated
aqueous KCI (20 mL). The organic layer was separated and dried
over Na,SO,, and the solvent was removed in vacuo to give an oil.
This was purified by silica-gel column chromatography (pre-equili-
brated with 1% Et;N in chloroform) by using a gradient of ethyla-
cetate in chloroform (0-100%, v/v) to afford the product as a
white form, which was directly dissolved in DCM (10 mL) and pre-
cipitated from cold hexane (200 mL) to afford 4c as a white solid
(400 mg, 60%). *'P NMR (121.6 MHz, CDCl,): 6 =148.8, 148.4; LRMS
(ES*, MeCN) m/z 930 [M+Na] ™.

Oligonucleotide synthesis: Standard DNA phosphoramidites, solid
supports and additional reagents including the C7-aminoalkyl CPG
were purchased from Link Technologies or Applied Biosystems. All
oligonucleotides were synthesised on an Applied Biosystems 394
automated DNA/RNA synthesiser by using a standard 1.0 umol
phosphoramidite cycle of acid-catalysed detritylation, coupling,
capping and iodine oxidation. Stepwise coupling efficiencies and
overall yields were determined by the automated trityl cation con-
ductivity monitoring facility and in all cases were > 98.0%. All -cy-
anoethyl phosphoramidite monomers were dissolved in anhydrous
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acetonitrile to a concentration of 0.1 M immediately prior to use.
The coupling times were 25 s for normal (A,G,C,T) monomers and
10 min for all alkyne and amino phosphoramidites. Cleavage of oli-
gonucleotides from the solid support and deprotection was ach-
ieved by exposure to concentrated aqueous ammonia for 60 min
at room temperature followed by heating in a sealed tube for 5 h
at 55°C. MALDI-TOF-MS [M—H]" gave following results (calcd/
found): ON1 (4287/4289), ON2 (4367/4369), ON3 (4367/4369), ON4
(4511/4513), ON5 (4539/4541), ON6 (4454/4454), ON7 (4426/4428),
ONS8 (4277/4279), ON9 (4246/4249).5

Azide labelling: NHS esters of 4-azidobutyrate (5; 2 mg) or 6-azi-
dohexanoate (6; 2 uL) were added postsynthetically to 1.0 pmol
syntheses of the amino-modified oligonucleotides in DMSO:0.5m
Na,CO;/NaHCO; buffer (1:2, 120 uL, pH8.75) for 4h at room
temperature. The fully labelled oligonucleotides were desalted on
NAP-25 Sephadex columns (GE Healthcare) and purified by RP-
HPLC prior to cross-linking.

General method for interstrand cross-linking of DNA duplexes:
Reactions R1, R2 and R3 (Figure 1): The solution containing
alkyne oligonucleotide (25 nmol) and azide oligonucleotide
(25 nmol) in the appropriate amount of aqueous NaCl (0.2 M) was
heated at 80°C for 5 min, then cooled down slowly to 20°C, de-
gassed using argon for 5 min and added to the degassed solution
of tris-hydroxypropyltriazolylamine ligand (35 pmol), sodium ascor-
bate (50 umol) and CuSO,-5H,0 (5 umol). The total volume of the
reaction mixture was 2.5 mL; the concentrations of aqueous stock
solutions were 100 uguL™' sodium ascorbate and 25 ugplL™
CuSO,5H,0. The reaction mixture was kept under argon at room
temperature for 2 h, and a disposable NAP-25 gel-filtration column
was used to remove reagents. The cross-linked DNA duplexes were
purified by RP-HPLC, as described below.

Reactions R4 to R8 (Figure 2): The same procedure was applied
with tris-hydroxypropyltriazolylamine ligand (875 nmol), sodium as-
corbate (1.25 umol) and CuSO,5H,0 (125 nmol). The total volume
of the reaction mixture was 1.0 mL.

Monitoring cross-linking reaction: The solution containing the
alkyne oligonucleotide (25 nmol) and azide oligonucleotide
(25 nmol) in the appropriate amount of aqueous NaCl (0.2 M) was
heated at 80°C for 5 min, then cooled down slowly to 20°C,
purged with argon for 5 min and added to a degassed solution of
tris-hydroxypropyl triazolylamine ligand (875 nmol), sodium ascor-
bate (1.25 umol) and CuSO,5H,0 (125 nmol). The total volume of
the reaction mixture was 1.0 mL. This was kept under argon at
room temperature, and after 5, 15, 30, 60 and 120 min, aliquots
were collected. Each was loaded directly onto a disposable NAP-10
gel-filtration column and analysed by denaturing 8% PAGE,
MALDI-TOF MS and CE.

RP-HPLC analysis and purification: The oligonucleotides and
cross-linked DNA duplexes were analysed and purified on a Gilson
HPLC system by using a Brownlee Aquapore RP-HPLC column
(8 mmx 25 cm, Perkin-Elmer). The HPLC system was controlled by
Gilson 7.12 software, and the following protocol was used: run
time, 24 min; integration time, 21 min; flow rate, 4 mL per min;
binary system. Gradient: time in minutes (% buffer B): 0 (0), 3 (0), 4
(10), 17 (40), 19 (100), 20 (100), 21 (0), 24 (0). Elution buffers:
A) 0.1m aqueous NH,OAc, pH 7; B) 0.1m aqueous NH,OAc with
50% acetonitrile, pH 7. The elution of the oligonucleotides was
monitored by ultraviolet absorption at 270 nm (analytical) and
297 nm (preparative). Isolated yields of reactions involving alkyne 2
were greater than 50 %.
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Capillary electrophoresis (CE) conditions: Oligonucleotides and
cross-linked DNA duplexes were analysed by injection (0.2-0.4 OD/
100 uL) of each sample. A ssDNA 100-R Gel, Tris-borate and 7m
urea were used (Kit No 477480) on a Beckman Coulter P/ACE™
MDQ Capillary Electrophoresis System with 32 Karat software. UV,
254 nm; inject voltage, 10.0KV and separate voltage, 9.0 KV
(45.0 min duration).

Analysis of cross-linked DNA duplexes: Analysis of reactions R1-
R8 was carried out by gel electrophoresis (8% polyacrylamide/7 m
urea gel) at constant power of 20 W for 2 h, using 0.09m Tris-
borate-EDTA buffer (pH 8.0). Following electrophoresis the plates
were wrapped with cling-film, placed on a fluorescent TLC plate,
and illuminated with a UV lamp (254 nm) to visualise the bands
and photographed.

Circular dichroism: CD spectra were measured on a Jasco J-720
spectropolarimeter at 4.0 um concentration of oligonucleotide in
phosphate buffer (10 mm), NaCl (200 mm), pH 7.0. Spectra were re-
corded at 100 nmmin~' with a response time of 1s and a band-
width of 1 nm. A buffer baseline was subtracted from each spec-
trum to give zero ellipticity at 320 nm.

Fluorescence melting: The experiments were performed on a
Roche LightCycler 1.5. Each capillary had a volume of 20 pL. Con-
centrations of cross-linked DNA duplexes and non-cross-linked oli-
gonucleotides were 0.25 pMm. Melting studies were carried out at
pH 7.0 in sodium phosphate buffer (0.01 M) with aqueous NaCl
(0.2 M) and EDTA-Na, (0.001 m); SYBR Green | fluorescent DNA-bind-
ing dye (Roche, 2 ul) was added to each capillary. Each sample
was measured in triplicate, and the average T,, is given. Following
initial rapid denaturation from 30 to 95°C at 20°Cs ™', fluorescence
was measured in step-mode cooling to 35°C, then melting from
35°C to 95°C at 0.5°C intervals with a 30 s equilibration interval at
each step.

Ultraviolet melting: UV melting curves were measured on Cary
400 Scan UV-Visible Spectrophotometer (Varian) at 0.25 or 4 um
concentration of oligonucleotide in phosphate buffer (10 mm),
NaCl (200 mm), pH 7.0. Spectra were recorded at 260 nm. The sam-
ples were initially denatured by heating to 83°C at 10°Cmin”'
then cooled to 15°C at 1°Cmin~' and heated to 83°C at
1°Cmin~". Three successive melting curves were measured, and T,,
values were calculated with Cary Win UV Thermal application Soft-
ware.
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The Mildiomycin Biosynthesis: Initial Steps for Sequential
Generation of 5-Hydroxymethylcytidine 5-Monophosphate
and 5-Hydroxymethylcytosine in Streptoverticillium

rimofaciens ZJU5119

Li Li,”) Zhinan Xu,' Xiaoying Xu,” Jun Wu,” Yun Zhang,'? Xinyi He,*® T. Mark Zabriskie,™

and Zixin Deng®

Mildiomycin (MIL) is a peptidyl nucleoside antibiotic with strong
activity against powdery mildew disease of plants. We have
cloned the MIL biosynthetic gene cluster in Streptoverticillum ri-
mofaciens ZJU5119 and shown that this organism also produces
the related antifungal compound, deshydroxymethyl mildiomycin
(dHM-MIL). A cosmid genomic library was screened for a putative
nucleotide hydrolase gene that is related to blsM from the blasti-
cidin S cluster. Six cosmids were identified that contained a
3.5 kb DNA fragment that harbors a homologue of blsM. The se-
quence of the fragment revealed two open-reading frames that
are likely to function in MIL formation: milA is a CMP hydroxy-
methylase gene and milB is the homologue of the CMP hydrolase

Introduction

Mildiomycin (MIL) is a peptidyl nucleoside antibiotic that was
originally isolated from the culture filtrate of Streptoverticillium
rimofaciens (hereafter abbreviated as Sv. rimofaciens).""? The
compound possesses a strong inhibitory effect against pow-
dery mildew on plants, and has been produced and sold com-
mercially in Japan as a fungicide for agricultural and horticul-
ture use. The mechanism of action was shown to be the inhibi-
tion of fungal protein biosynthesis.”) The structural compo-
nents of MIL include 5-hydroxymethylcytosine (HMC), which is
an unusual 4-amino-pyran-3-ene moiety that bears an argi-
nine-like side chain and a serine residue (Scheme 1) There
has been a great deal of interest in the family of peptidyl nu-
cleoside antibiotics due to their diverse biological activities, in-

NH,

+ )J\ OH - (o] N
HNT N o
OH o o
NHy N NH NH, O &
HO\)\WNH PN /\)\)L

mildiomycin: R=CH,OH -
dehydroxymethyl mildiomycin: R=H blasticidin S

Scheme 1. Structures of mildiomycin, deshydroxymethyl mildiomycin and
blasticidin S.

1286

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gene blsM. Insertional disruption of milA abolished the produc-
tion of MIL but not dHM-MIL, whereas a milB knockout strain did
not produce either of the peptidyl nucleosides. Recombinant MilA
was produced in E. coli and shown to specifically introduce a C-5
hydroxymethyl group on CMP, but it did not accept cytosine or
dCMP as a substrate. MilB was also expressed and purified from
E. coli and shown to efficiently hydrolyze both hydroxymethyl-
CMP (HMCMP) and could accept CMP as an alternative substrate.
The ratio of free HMC and cytosine released by MilB was ca. 9:1
in in vitro assays, and is consistent with the higher levels of MIL
compared to dHM-MIL that are produced by Streptoverticillum
rimofaciens.

cluding antitumor, antiviral, antibacterial, and antifungal activi-
ty.”! The biomedical and agricultural potential of these agents,
together with various unique structural features, prompted in-
vestigations into the biosynthesis of these compounds, and
more recently the biosynthetic gene clusters for several pep-
tidyl nucleosides have been reported, including those for puro-
mycin,' nikkomycin,” streptothricin F® and blasticidin S.”
Previous investigations of MIL biosynthesis have focused on
the formation of HMC and the various means to increase the
production of MIL. Among the family of peptidyl nucleoside
antibiotics, the HMC moiety is only found in MIL, 5-hydroxy-
methylblasticidin S"” and 5-hydroxymethylleucylblasticidin S
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(Sch36605 or rodaplutin).”! 5-Hydroxymethylcytosine was first
identified as a nucleic acid component of the T-even phage.""
It was subsequently shown that hydroxymethylation took
place at the nucleotide level, with deoxycytidine 5-monophos-
phate (dCMP) and formaldehyde serving as substrates in the
presence of tetrahydrofolate (THF) and an enzyme preparation
derived from E. coli that was infected with T-even bacterio-
phages.'"? Sawada etal. used cell-free extracts of Sv.rimofa-
ciens to examine MIL biosynthesis and demonstrated that cyti-
dine 5’-monophosphate (CMP) is converted first to 5-hydroxy-
methylcytidine 5-monophosphate (HMCMP) in a reaction that
requires serine or formaldehyde and THF® HMCMP was
shown to be subsequently hydrolyzed to free HMC by a specif-
ic HMCMP N-ribotidase."” This group also demonstrated that
the availability of free HMC might be a limiting factor in MIL
biosynthesis. The addition of exogenous HMC to Sv. rimofa-
ciens culture media resulted in a pronounced increase in MIL
production." It was also revealed that when various 5-substi-
tuted cytosines were added to MIL cultures, MIL analogues
accumulated; this indicated that the enzyme involved in the
incorporation of HMC into MIL exhibit some flexibility in sub-
strate recognition.™ The addition of ferrous ion to the culture
medium also increased the yield of MIL production, and it was
suggested this was due to an increased supply of amino acids
precursors.’ In iron-sufficient medium, glutamate, aspartate,
serine and arginine levels in the cells were two to ten-fold
greater than those that were measured in cells from iron-defi-
cient medium, and arginine was the major amino acid that
was excreted from cells in the iron-sufficient cultures."”

To date, there have been no published experiments that ex-
amined the incorporation of isotopically labeled arginine or re-
lated compounds into MIL. Thus, it remains to be demonstrat-
ed that the guanidine-containing segment of MIL originates
from an arginine-derived a-ketoacid. However, the presence of
the a-hydroxy acid, and the fact that cytosyl- or 5-hydroxy-
methylcytosylglucuronic acids are likely intermediates in the
biosynthesis of MIL, blasticidin S, and the pentopyranines sug-
gests a coupling of the a-keto acid of arginine with a decar-
boxylated nucleoside.”' It also remains to be established
whether hydroxylation of this guanidine side-chain precedes
coupling with the nucleoside, or occurs afterwards. In this
regard, mildiomycin D was identified as a minor component
from the culture broth of Sv. rimofaciens B-98891 and differs
from MIL by lacking the hydroxyl group on the arginine-like
moiety."

In addition to the structural resemblance of MIL and blastici-
din S (Scheme 1), fermentation and biochemical studies also
support related biosynthetic pathways. Similar to the findings
with MIL, yields of blasticidin S increased nearly two-fold when
free cytosine was added to cultures of the producing organ-
ism.?” More recently, BIsM was characterized from the blastici-
din S biosynthetic pathway as a CMP hydrolase, and was
shown to be responsible for generating free cytosine from
CMP,?" analogous to the conversion of HMCMP to HMC. Based
on these similarities we sought to use elements of the blastici-
din S (bls) gene cluster to aid with the identification of the mil-
diomycin biosynthetic genes. We report here the cloning of
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the mil gene cluster in Sv. rimofaciens ZJU5119 and demon-
strate in vitro that the products of milA and milB act sequen-
tially to convert CMP to HMC and initiate mildiomycin biosyn-
thesis.

Results

Cloning of mildiomycin biosynthetic gene cluster in Sv. rimo-
faciens ZJU5119

A nucleotide hydrolase activity in the cell-free extract of Sv. ri-
mofaciens was previously shown to catalyze the specific forma-
tion of hydroxymethylcytosine (HMC) from hydroxymethylcyti-
dine 5-monophosphate (HMCMP)."*' Given the structural
similarity between HMCMP and CMP, we postulated that the
hydrolase that cleaves HMCMP in Sv. rimofaciens might share
sequence similarity with BlsM, which converts CMP to cytosine
in blasticidin S biosynthesis.”?" Based on the aligned sequences
of BlsM and homologues, six pairs of degenerate primers were
designed by using the CODE-HOP strategy (Table 2, Fig-
ure 1A).27 PCR products of the expected sizes that correspond
to six different blocks of the blsM counterpart in Sv. rimofaciens
were obtained (Figure 1B). The patterns for both strains were
found to be the same (indicated by the arrows in Figure 1B),
and implied the HMCMP hydrolase gene shared many similari-
ties with blsM. The largest PCR product (Figure 1B) was se-
quenced, and its deduced amino acid was found to share 62 %
identity and 74% positive homology with BlsM; this strongly
suggests that this fragment might be part of the gene that
codes for HMCMP hydrolase.

To identify the mildiomycin biosynthetic gene cluster, a
genomic library was constructed in the integrative cosmid
pJTU2554 (Table 1) and screened by PCR by using the primer
CMPH (Table 2) with a pool-and-split PCR approach. This analy-
sis of 20 96-well plates of clones led to six cosmids demon-
strated to constitute an overlapping contig via Sacl restriction
map analysis. The putative HMCMP hydrolase gene was
mapped to a common 3.5 kb Sacl fragment by Southern hy-
bridization (Figure 2 A). This fragment was cloned into pBlue-
script Il SK(+) to generate pJTU1794, and sequenced. Compu-
tational analysis of the sequence by using FramePlot 3.0 pre-
dicted three putative open-reading frames.*® BLAST analysis
revealed that the product of orfl was 81% identical to
SCO4047, a protein of unknown function that is predicted
from the S. coelicolor A3(2) genome. The Orf2 sequence exhib-
ited high similarity to members of the ThyA superfamily of thy-
midylate synthases (Pfam PF00303) that catalyze the reductive
methylation of dUMP to dTMP with concomitant conversion of
5,10-methylenetetrahydrofolate to dihydrofolate.”™ Thus, we
suspected that the ThyA homologue that is encoded by orf2
might act as a CMP hydroxymethylase and catalyze the initial
step for mildiomycin biosynthesis. The deduced product of
orf3 has a conserved domain that is found in a family of nu-
cleoside 2-deoxyribosyltransferases (Pfam PF05014) and shares
54% identity (78/144) with BIsM. It seemed very likely that
Orf3 should function as the HMCMP hydrolase required for the
release of hydroxymethylcytosine from the corresponding
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Strain

Table 1. Bacterial strains, plasmids and cosmids

Relevant properties

Source or reference

Streptoverticillium ri-
mofaciens ZJU5119
Streptomyces griseo-
chromogenes
Rhodotorula rubra
Escherichia coli DH10B
Escherichia coli
ET12567/pUZ8002
Escherichia coli EPI300-
TIf

Plasmid

pJTU412

pJTU2554

plJ779
1476

pJTU1794
pJTU1796
pJTU1797

pJTU2952
pJTU2953
pJTU2955

pJTU2956

producer of mildiomycin
producer of blasticidin S

Indicator strain of mildiomycin

F~ recA lacZ AM15

Strain that was used for conjugation between E. coli and Streptomyces spp. recF, dam, dcm,
hsdS, Cml’, Str', Tet’, Km"

F- mcrA A(mrr-hsdRMS-mcrBC) 80d lacZ M15 lacX74 recAl

endA1 araD139 (ara, leu)7697 galU galK - rpsL nupG trfA tonA dhfr

Shuttle cosmid that was derived from pHZ1358 (Sun et al., 2002), oriT, ori(ColE1), bla, tsr, cos,
rep(plJ101), ori(plJ101)

3.9-kb Xbal-Xhol fragment from pSET152 that was ligated with 5.5-kb Xbal-Xhol fragment
that contained triplet COS sites from pOJ446

pBluescript KS(+), aadA, oriT(RK2), FRT sites

pJTU2554 derived cosmid with insert from Sv. rimonficiens ZJU5119

pBluescript SK (+) with 3.5-kb Sacl fragment of 1A6 that was inserted at the Sacl site
pBluescript SK (+) with 10.6-kb Eco72I fragment of 1A6 that was inserted at the Smal site
Xbal-Hindlll that was digested pJTU412 with insertion of 10.6-kb Xbal-HindlIl fragment from
pJTU1796

The milA in the pJTU1797 substituted by aadA by using the PCR-targeting method

The milB in the pJTU1797 that was substituted by aadA by using the PCR-targeting method
milA expression vector, PCR product for milA has Ncol and Xhol restriction sites at its two
ends, which were used for cloning into the corresponding sites of pET28a(+)

milB expression vector, PCR product for milB has BamHI and Xhol restriction sites at its two
ends, which were used for cloning into corresponding sites of pET28a(+)

this study

China General Microbiological cul-

ture collection center (CGMCG)
n

GIBCO BRL
B31]

EPICENTRE Biotechnologies

Sun et al. (unpublished data)

this study

[26]

this study
this study
this study
this study

this study
this study
this study

this study

A)
MilB

gi53722135
gi154685030
gi29899160
giB3717244
gi153940135

gi53722135
gi154685030
gi29899160
giB3717244
gi153940135

A

B
FSRLIEHF

D E

Cc ¢
FPGVPASPGiHVEIGWASGMGKPMVLLLE- -RDEDYAFLVTG
FPGAPASPGTHIELGWASALGKPIVLLLE--ADKEYAYLVRG
FPGSPASPGTHIEIGWASALKKKIVLFLE--KDKDYAFLIQG
IPGIPPSPGTHVEIGWASAFDKPIVLLLEEGREEEYGFLVRG
FPGAPASPGTHIELGWASALGKPIVLLLE--ADKEYAYLVRG
FPGVPVSPGTHIEIGWASAMGKE I ILLLAE-KEENYAYLIRG

S. griseochromogenes

Sv. remonfaciens

SRGTTVYNAHRREAWGAEFLSPAEATRLDHDEIKAADVFVA
FRRVIDHFEARGWDVHCAHRREHWGREFMTPDVCTKTDYEQISLCDYFVA
LESLISFFENEGWLVHNAHKREGWGKDFMTPLQCTKIDFDEISTCDLFAA
FLTLIEHFEKQGLEVFNAHRREAWGAQVLTPEECTPLDQLEIRKADVFVA
FRRVIEHFEERGWDVHCAHRREHWGREFMTPAVCTKTDYEQISLCDYFVA
|EDLILFLEEKGWKVDNAHKREEWGANFMSPDQCTKLDYDAIKECDLFIA

90
90
90
92
90
91

Figure 1. A) Alignment of BlsM and homologues from public databases that were used for the design of degenerate primers to clone the mildiomycin biosyn-
thetic gene cluster. The arrows indicate the locations of the degenerate primers are shown in A, B, C, D, and E (see Table 2 for sequences). B) The patterns of
PCR products of expected size from S. griseochromogenes and Sv. rimofaciens are similar. The primers that were used for each lane are shown, and the band
of the expected size is indicated by the vertical arrow.
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FULL PAPERS

Table 2. Primers used in this research
Primers Forward (F) Reverse (R)
aac(3)IV-T CCGACTGGACCTTCCTTCT GACACGATGCCAACACGAC
aadA-T TCGGCAGCGACATCCTTC CGTCATCGAGCGCCATCT
B1E1 CCCACCGGCGCGARVMNTGGGG GGCCGCGGACCAGGWANSCRTANTC
B1E2 CCCACCGGCGCGARVMNTGGGG CAGGCCGCGGACCARRWANSCRTA
AC CGTTCCGGAGAGTGATCGANCAYTTYGA TCCAGCAGCAGCACGATNGGYTTNYC
AD CGTTCCGGAGAGTGATCGANCAYTTYGA CCAGCCGATCTCGATGTGNGTNCCNGG
B2C CGCCCACCGGCGNGARSMNTGGG TCCAGCAGCAGCACGATNGGYTTNYC
B2D CGCCCACCGGCGNGARSMNTGGG CCAGCCGATCTCGATGTGNGTNCCNGG
CMPH GACGGTCTACAACGCCCACC GCCCAGCCGATCTCCACA
Ex-milA GGCCATGGAAACCCATACGTTCGG TCICGAGGGAGCCGGCCGGAGAG
Ex-milB AGGATCCGTGACCACCACCCCCAAG TCICGAGGCCGATGACCGTCGGCT
PT-milA AGTCCTGTGGTACCTCACTATTACGGGCGGGCAGTG- GGTCGGGAACGGACCGAGGTCAGGAGCCGATCGGG-
ATGATTCCGGGGATCCGTCGACC GTCATGTAGGCTGGAGCTGCTTC
PT-milA-T GTCGTGTCGCTCGGTGGTGT GGCGGCTGAAGACGTTCTGGT
PT-milB CCAGAGACGCGACCCCACCAGAAAGGAACAACCCC- CGGGCCGCCGATAAGAGGTCCATGCGCGGCCGCGC-
GGTGATTCCGGGGATCCGTCGACC CTCATGTAGGCTGGAGCTGCTTC
PT-milB-T TTCGAGGCCCACCGTCAGGT GCCGCCGATAAGAGGTCCAT
0 10 20 30 40 50 53 kb Identification of a new mildiomycin derivative in the extract
A) of Sv. rimofaciens ZJU5119
H—14810 As the HPLC chromatogram shows in the Figure 3 A, an extract
szga of the fermentation broth of wild-type Sv. rimofaciens ZJU5119
= showed two peaks, and peak | has the same retention time as
5D12 the MIL standard. Electrospray ionization mass spectrometry
Ll 14A6 (ESI-MS) analysis of peak | showed an ion at m/z 515, which

l double crossover

aadA )—?—ﬂ—
p——

B) LL2 s

LLA e e 220/

milA
M a b c

1.62 kb
41.44 kb
L1

Figure 2. A) Schematic representation of six overlapping cosmids that share
a common 3.5 kb Sacl fragment. The boundary of the 3.5 kb fragment is in-
dicated by the dashed lines. B) lllustration of the replacement targets gene
of milA and milB. The short double slash indicates the omitted region.

C) Confirmation of the mutants LL2 and LL1 by PCR. Lanes a and b show the
PCR products from two independent colonies of each mutant. Lane ¢ shows
the PCR product that was obtained from the wild-type Sv. rimofaciens by
employing the same primer set. The primer that was used for the LL2 gel
was PT-milA-T, and for the LL1 gel PT-milB-T was used.

1.48 kb

0.80 kb

nucleotide. Based on the predicted roles of orf2 and orf3 in
mildiomycin biosynthesis, they were renamed as milA and
milB.
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corresponds to the protonated quasi-molecular ion of MIL, and
a strong signal at m/z 374, which correlates to the loss of the
HMC moiety. This fragmentation profile is the same as that ob-
served for the MIL standard sample. In addition to MIL, peak Il
was present at a retention time of about 39 min, which had
not been reported before (Figure 3 A). To determine whether it
was related to mildiomycin, the peak was subjected to the ESI-
MS analysis, and produced an ion at m/z 485, which is consis-
tent with the protonated quasi-molecular ion of deshydroxy-
methyl mildiomycin (dHM-MIL). This assignment was further
supported by the presence of a fragment ion at m/z 374 as
seen with MIL.

Inactivation of milA abolishes the production of MIL but not
dHM-MIL

To show conclusively that milA is required for the biosynthesis
of MIL, the gene was disrupted by insertion of the aadA cas-
sette, and the resulting mutant, LL2, was confirmed by PCR
(Figure 2C). In the bioassay plate (Figure 3B), the MIL standard
displayed a halo, whereas the agar patch of wild-type Sv. rimo-
faciens had an outer halo and an inner clear zone; this sug-
gests that the halo is caused by MIL, and the clear zone is
caused by other metabolites. Surprisingly, both the halo and
clear zone remained in two independent LL2 strains, named
LL2a and LL2b. To address this finding, mutant strain LL2 was
cultured under MIL production conditions, and the metabolites
were purified with the same protocol that was used for the
wild-type strain, and analyzed by LC-MS (Figure 3 A). The HPLC
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Figure 3. HPLC and bioassay comparison of the mildiomycin standard to fermentation products from wild-type Sv. rimofaciens and mutants. Peak | and Il pres-
ents MIL and dHM-MIL, respectively; MIL: Mildiomycin standard, WT: wild-type Sv. rimofaciens, LL2: Sv. rimofaciens LL2, LL1: Sv. rimofaciens LL1.

chromatogram showed that peak| (MIL) disappeared but
peak Il (dHM-MIL) remained in the extract of LL2. Thus the
outer halo around LL2 is due to the activity of dHM-MIL, which
implies that dHM-MIL has antifungal activity against Rhodotoru-
la rubra that is similar to that of MIL.

Inactivation of milB abolishes the production of both MIL
and dHM-MIL

To examine if MilB is responsible for the generation of cytosine
and 5-hydroxymethylcytosine, milB was inactivated by the in-
sertion of the aadA cassette and the resultant mutant, LL1,
was confirmed by PCR (Figure 2C). In the agar plate bioassay
(Figure 3B), the outer halos disappeared around the two indi-
vidual LLT mutants, LL1a and LL1b, although the inner clear
zone remained. For LC-MS analysis of the MIL and dHM-MIL
production, LLT was grown under MIL production conditions
and the fermentation broth was processed in the same way as
the wild-type sample. The HPLC chromatogram showed the
disappearance of both peaks| (MIL) and Il (dHM-MIL; Fig-
ure 3A) in the LL1 extract. This suggested that MilB was re-
sponsible for the hydrolysis of both CMP and HMCMP.

Analysis in vitro of the sequential action of MilA and MilB

To obtain direct evidence for the generation of free cytosine
and 5-hydroxymethylcytosine by MilA and MilB, the proteins
were heterologously expressed and purified from E. coli. The
calculated molecular weights of His-tagged MilA and MilB are
38.4 and 22.7 kDa, respectively, which is consistent with those
that were observed by SDS-PAGE (Figure S1). The ability of
MilB to hydrolyze CMP to cytosine was confirmed. The LC-MS
traces that are illustrated in Figure 4A show the time-depen-
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dent conversion of CMP to free cytosine by MilB over periods
of 1 and 5 h. There is some uncatalyzed hydrolysis of CMP
under the reaction conditions (top panel), but the rate of prod-
uct formation is clearly increased with added MilB and sup-
ports its catalytic role.

MilA was predicted to introduce the C-5 hydroxymethyl
group that is found on the cytosine moiety in MIL. To deter-
mine if hydroxymethylation occurs on free cytosine or CMP, as
was previously observed in cell-free studies, both potential
substrates were individually incubated with purified MilA and
the appropriate cofactors. LC-MS analysis revealed product for-
mation only when CMP was used as substrate, and nearly all of
the CMP was consumed after 5 h (Figure 4). To further test the
substrate specificity of MilA, dCMP, CDP, CTP, cytidine, UMP,
dUMP and cytosylglucuronic acid (CGA) were evaluated. How-
ever, only CMP was consumed in the MilA reaction. The mass
of peak Il was consistent with that of HWCMP, and the product
identity was further confirmed by one- and two-dimensional
'H and *C NMR experiments (Figures S2-54).

To further prove the roles of MilA and MilB in MIL biosynthe-
sis, both enzymes were incubated with CMP. After 1 h a new
peak dominated the chromatogram and the presence of a
parent ion at m/z 142 established that it was the expected
HMC (peak IV). After 5 h, all the CMP was consumed, and only
HMC and a small amount of cytosine (peak Il) were present.
Thus, the products that are generated in vitro by MilA and
MilB are consistent with the structures of the two different me-
tabolites that are biosynthesized in Sv. rimofaciens. The initial
steps for sequential generation of HM-CMP, HMC and cytosine
in Sv. rimofaciens ZJU5119 are summarized in Scheme 2. Finally,
maximum MilB activity was observed at pH 7.5 and the kinetic
parameters for the enzyme with HMCMP as substrate were cal-
culated to be K,=1.4x10"*M, k., =3.1x1073s" and k. /K, =

ChemBioChem 2008, 9, 1286 - 1294
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Figure 4. LC-MS analysis of products after 1 h (left) and 5 h (right) of incubation with purified MilA and/or MilB. Peaks |, Il, Il and IV are CMP, cytosine, HM-

CMP and HMC, respectively. The chemical structure of each compound is shown.

22.1m 's™" (Figure 5). The kinetic parameters for MilB with
CMP as substrate were not measured due to the low level of
activity.

Discussion

Previous work by using cell-free extracts of Sv. rimofaciens to
study the biosynthesis of mildiomycin established that free 5-
hydroxymethylcytosine (HMC) was a precursor to MIL and was
generated from CMP by the actions of a pyrimidine hydroxy-
methylase and a nucleotide hydrolase.>' This was consistent
with the biosynthesis of the structurally related blasticidin S,
which also requires free cytosine as a precursor.??* The free
pyrimidine was subsequently shown to originate from the hy-
drolysis of CMP, which is catalyzed by the nucleotide hydrolase

ChemBioChem 2008, 9, 1286 — 1294

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

BIsM.”"" We capitalized on the likely sequence similarity of the
Sv. rimofaciens nucleotide hydrolase gene with the cloned b/isM
gene, and identified a fragment of the Sv. rimofaciens chromo-
some that harbored the blsM homologue (milB) as well as the
gene for the CMP 5-hydroxymethylase (milA).

A sequence comparison of MilB and BlsM shows that the nu-
cleotide hydrolases share 54% overall identity in 144 overlap-
ping amino acids with the lowest similarity observed at both
ends of the proteins (Figure S5). Notably, there are 22 addition-
al amino acids at the N terminus of MilB, and the C termini
share only five identical amino acids over the last 32 residues.
A tempting assumption is that one or both ends of MilB dic-
tate the substrate bias for 5-hydroxymethyl-CMP. Deletion of
the N terminus and/or the replacement of the C terminus of
MilB with the corresponding section of BlsM might shed light
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Figure 5. HM-cytosine formation by MilB with HM-CMP as substrate.

on this issue. Certainly, sequence differences throughout the
highly conserved region might also play key roles in the specif-
icity for 5-hydroxymethyl-CMP, and we are now identifying
which region(s) determine the substrate preference.

It was interesting to find that a new analogue of MIL that
lacks the C-5 hydroxymethyl group (dHM-MIL) was produced
by wild-type Sv. rimofaciens. Interestingly, the ratio of MIL/
dHM-MIL was about 3:1 (Figure 3 A) but when MilA and MilB
are co-incubated with CMP, the proportion of HMC/cytosine is
about 9:1 (Figure 4). The ratio in vivo for HMC/cytosine is un-
known, but we confirmed that MilB accepts CMP as a poor al-
ternative substrate, and that MilA does not convert free cyto-
sine to HMC. It is possible that the differences in vivo and in
vitro arise from subtle regulatory effects (e.g., product inhibi-
tion or other conditional differences) that have not yet been
revealed by the in vitro studies. Alternatively, intermediates
with a cytosine moiety might be more efficiently processed by
downstream enzymes in the MIL biosynthesis pathway than
those with a HMC group.

MilA was predicted by Pfam to belong to the protein family
PF00303, which corresponds to thymidylate synthases (TS) and
deoxycytidylate hydroxymethylases (dCMP-HMase).®” In the
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presence of CH,THF and other accessory elements, TS can con-
vert dUMP into the dTMP that is required for DNA synthesis
and likewise, dCMP-HMase can convert dCMP into hydroxy-
methyl-dCMP. Despite the high similarity (€ value=7.7x107%)
between MilA and PF00303, it was shown here that MilA does
not recognize dCMP as a substrate. It will be interesting to
know which part of MilA determines the substrate specificity
compared with other known PF00303 proteins.

In the blasticidin S pathway, cytosine and UDP-glucuronic
acid are coupled to form cytosylglucuronic acid (CGA) by the
enzyme CGA synthase (BIsD).”*" Sequence analysis and bio-
chemical characterization of the corresponding hydroxymethyl-
CGA synthase from Sv. rimofaciens should reveal more informa-
tion on factors that govern substrate selection and differences
in substrate processing efficiencies. However, a blsD homo-
logue has not been identified, and efforts are currently under-
way to identify and sequence the complete mildiomycin gene
cluster. This information might also reveal additional steps that
are shared by the two pathways, and provide insight into vari-
ous ways that these related pathways might be engineered to
arrive at non-natural compounds with improved action against
powdery mildew and other fungal diseases that are important
in agriculture.

Experimental Section

Culture techniques and genetic manipulations: Sv. rimofaciens
ZJU5119 (Table 1) and its derivatives were grown at 30°C on SFM
agar plates for sporulation; on R2YE for protoplast transformation
or in TSB liquid medium that was supplemented with sucrose
(10.3% (w/v)) and yeast extract (1% (w/v)) for growth of mycelia.
Isolation of total DNA, protoplast preparation and transformations
were performed according to Kieser et al.?? Manipulations of E. coli
strains were conducted according to Sambrook et al.”? For selec-
tion of Sv. remonfaciens transformants, the concentrations of spec-
tinomycin and thiostrepton that were used on agar were
150 ig mL™" and 15 ug mL™', respectively, and in liquid medium
concentrations were 50 ug mL'and 5 ug mL™, respectively. In vivo
generation of targeted mutations in Sv. remonfaciens was achieved
by transformation of unmethylated DNA, which was prepared from
E. coli ET12567 (Table 1) according to Kieser et al.?? Restriction en-
zymes, T4 DNA ligase, Taq polymerase and alkaline phosphatase
were purchased from MBI Fermentas (Vilnius, Lithuania).

Construction of a Sv. rimofaciens genomic library: For the gener-
ation of a cosmid library, high-molecular-weight chromosomal
DNA was prepared according to the protocol by Kieser et al., parti-
ally digested with Mbol, dephosphorylated with calf intestinal alka-
line phosphatase (Fermentas), and size-fractionated in low-melting-
temperature agarose by using pulsed-field gel electrophoresis
(PFGE).”? The chromosome DNA fragments between 35 and 45 kb
were recovered from the low-melting agarose gel that was digest-
ed by p-agarase (New England Biolabs). The recovered DNA was li-
gated with BamHI-digested cosmid vector pJTU2554 (Table 1) in a
1:1 molar ratio. Packaging and transfection into E. coli EPI300-T1
(Table 1) was done with A-packaging mixes that were prepared
according to Sambrook et al.?®’ The apramycin resistant colonies
were picked individually and inoculated in LB (100 uL) that was
supplied with apramycin in each well of 20 96-well plates. These
plates were grown at 37°C for 20 h, and then 50% glycerol
(100 pL) was added into each well for storage at —80°C.
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Initial Steps for Mildiomycin Biosynthesis

PCR primers, DNA probes and Southern hybridization: The
aligned DNA sequence of bisM and its homologues revealed five
conserved regions (A, B, C, D and E; Figure 1 A) that were used to
design six pairs of degenerate PCR primers (B1E1, B1E2, AC, AD,
B2C and B2D; Table 2) for use in amplifying fragments of a target
nucleotide hydrolase gene from Sv. rimofaciens and S. griseochro-
mogenes (Table 1). PCR products were purified from agarose gels
(0.8%) by using the DNA Gel Extraction Kit (V-gene Biotechnology
Ltd.) and subsequently inserted into the pMD18-T vector (TaKaRa,
Dalian, China) for sequencing. Based on the sequence of the larg-
est of these fragments, the specific primers CMPH (Table 2) were
designed and used to screen the genomic library of Sv. rimofaciens.

Each of 20 96-well plates was screened by combining equal ali-
quots of cells from every well, and this mixture served as a tem-
plate for PCR. For plates that yielded the desired PCR products,
aliquots of cells from each well in a row were combined and
screened by PCR. Finally, each well from the positive rows was sep-
arately screened to identify individual clones that carry the target
gene. For the Southern hybridization experiments, cosmid DNA
was cleaved with Sacl, separated on a agarose gel (0.8%), and
transferred onto Hybond-N* nylon membrane (Amersham Biosci-
ences). The probe that was produced by PCR from cosmid 1A6
with primers CMPH, was labeled with radioactive a-[**P]-dCTP by
using Random Priming Kit (Roche). The Southern blot hybridization
was carried out overnight at 65°C followed by high stringency
wash (0.1xSSC, 0.1% (w/v) SDS) at the same temperature, and
detected with a phosphorimager (Fujifilm).

Production and analysis of mildiomycin: For bioassays, the Strep-
toverticillium strains were grown at 30°C for 5 days on SFM plates
for production of MIL, agar patches were transferred to potato
dextrose agar (PDA, diced potatoes 200 g, glucose 20 g and agar
159 in 1L tap water) that contained Rhodotorula rubra AS2.166
(Table 1), a fungal strain that is sensitive to MIL. Inhibition zones
were observed after 20 h at 30°C. For LC-MS analysis, strains were
cultured in (tryptone soya broth powder 30 g, yeast extract 10 g
and sucrose 103 g in 1L distilled water) in baffled flasks at 30°C
and at 220 rpm for 6 days. The fermentation broth was harvested,
adjusted to pH 5.0, and centrifuged at 12000g for 5 min. The su-
pernatant was applied to Supelclean LC-SCX SPE columns (500 mg/
3 mL, Supelco, Bellefonte, PA, USA), washed with water (2 mL) then
0.5% NH,OH (2 mL). The fraction that eluted with 3% NH,OH was
filtered through a membrane (2 um) before injection. The LC-MS
analysis was done by using an Agilent 1100 LC-MSD with a C18
column (TC-C18, 250x 4.6 mm, Agilent). The isocratic mobile phase
was 10 mm trichloroacetic acid/MeCN (92:8, v/v) and the flow rate
was 0.3 mLmin~' at room temperature. Elution was monitored
with a photodiode array detector at 279 nm and electrospray ioni-
zation (ESI) MS analysis was carried out in the positive mode.

Sequence analysis: DNA sequencing was done at Shanghai
Sangon Ltd. (Shanghai, China), and multiple sequence alignment
was performed with BioEdit 7.0. Open-reading frames (ORFs) and
ribosome binding sites (RBS) were predicted by using Frame-
Plot 3.0.27 Similarity comparisons of nucleotide or amino acid se-
quences against public databases were done by using the BLAST
program on the NCBI website (http://ncbi.nlm.nih.gov/blast).”!

Targeted disruption of milA and milB: A construct that harbored
milA and milB to be used to generate a gene replacement vector
was constructed by using the ReDirect technology.”® A ca. 10.6 kb
EcoR721 fragment that contained milA and milB was recovered
from cosmid 1A6 and inserted into the Smal site of pBluescript
SK(+) to generate pJTU1796. Digestion with Hindlll and Xbal yield-
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ed a product that was cloned into the corresponding sites of
pJTU412 to give pJTU1797. This plasmid was introduced into E. coli
BW25113/plJ790 (Table 1) by electroporation. The aadA cassette
was amplified by PCR from plJ779 (Table 1) with the primers PT-
milA and PT-milB (Table 2). The cassette was used to replace a
999 bp portion of milA in pJTU1797, to give pJTU2952, and was
also used to replace a 507 bp section of milB in pJTU1797 to yield
pJTU2953. Both pJTU2952 and pJTU2953 DNA were individually
prepared from E. coli ET12567 and separately introduced to Sv. ri-
mofaciens by protoplast transformation. Putative double-crossover
strains were confirmed by PCR with the primers of PT-milA-T and
PT-milB-T (Table 2).

Preparation of milA and milB expression constructs: The milA
gene was amplified from cosmid 1A6 by PCR with the primers Ex-
milA (Table 2, Ncol and Xhol sites are underlined). The milB gene
was amplified from the same cosmid by using primers Ex-milB
(Table 2, BamHI and Xhol sites are underlined). PCR was carried out
with high fidelity DNA polymerase (KOD-Plus, TOYOBO) and the
products were gel purified, digested with the appropriate enzymes,
and cloned into the corresponding restriction sites of the pET28a
(4) vector (Novagen). The resulting plasmids, named pJTU2955
and pJTU2956 were used to transform E. coli DH10B for sequenc-
ing. The plasmids were introduced to E. coli BL21 (DE3) pLysE (No-
vagen) for expression studies.

Expression and purification of His-tagged MilA and MilB: E. coli
BL21 (DE3) pLysE cells that carried pJTU2955 or pJTU2956 were
grown overnight in LB media that was supplemented with chlor-
amphenicol and kanamycin (34 ug mL™' and 50 pg mL™", respec-
tively). The seed cultures (10 mL) were used to inoculate 1-L pro-
duction cultures of LB with the corresponding antibiotics. The cells
were grown at 37°C to an optical density at 600 nm (ODgy,) of 0.6
and then induced with isopropyl-f3-p-thiogalactopyranoside (IPTG,
final concentration, 1 mm). The cultures were then grown for an
additional 5 h at 30°C. After centrifugation, the cells were resus-
pended in binding buffer (40 mL, 20 mm sodium phosphate,
20 mm imidazole, and 0.5m NaCl, pH 7.4) and lysed by sonication
in an ice bath (10x60 s at 15 W with 60 s pauses). After centrifuga-
tion (16000g for 45 min at 4°C), the supernatant was applied to
HisTrap HP column (GE Healthcare) and purified by using an AKTA
FPLC (GE Healthcare), by eluting with elution buffer (20 mm
sodium phosphate, 500 mm imidazole, and 0.5m NaCl, pH 7.4) in
linear gradient. The purified His-tagged MilA and MilB were desalt-
ed with HiTrap Desalting column (GE healthcare) and stored in
Tris—HCI buffer (50 mm, pH7.5) with glycerol (20%) at —80°C. The
expression and purification of His-tagged MilA and MilB were ana-
lyzed by 12% SDS-PAGE, and protein concentrations were deter-
mined using the Bradford Protein Assay Kit (Bio-Rad).

In vitro analysis of purified MilA and MilB: The assays of recombi-
nant MilA and MilB were carried out at 37°C for 1h and 5h in a
total volume of 100 pL that contained Tris—-HCI buffer (100 mm,
pH 7.5), paraformaldehyde (15 mm), 2-mercaptoethanol (50 mm),
tetrahydrofolate (2 mm), CMP (1 mm), FeSO, (10 mm) and the cor-
responding His-tagged MilA (70 pg) and/or MilB (50 pg). The reac-
tions were quenched by the addition of trichloroacetic acid. To test
the substrate specificity of MilA, dCMP, CDP, CTP, cytosine, cytidine,
UMP, dUMP (all from Sigma) and cytosylglucuronic acid (CGA) were
evaluated individually at 1 mM final concentration. The product
and substrate were analyzed by LC-MS as described above, but by
using a mobile phase of NH,0Ac (20 mm), pH 5.5 buffer/MeCN,
(98:2, v/v) at a flow rate of 0.3 mL min~' at room temperature. The
product of the MilA-catalyzed reaction was purified and confirmed
by "H and "*C NMR spectroscopy (400 MHz, Bruker) to be 5-hydroxy-
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methyl-CMP. 'H NMR (D,0, 400 MHz): 6 =8.30 (s, H-6), 4.62 (s, H-7),
6.02 (d, J=1.4 Hz; H-1"), 443 (m, H-2), 4.28 (m, H-3), 4.16 (m, H-4'),
4.38 (m, H-5'); *C NMR (D,0, 100 MHz): 5=151.9 (s, C-2), 161.8 (s,
C-4), 108.9 (s, C-5), 145.2 (d, C-6), 59.4 (t, C-7), 92.5 (d, C-1"), 71.6 (d,
C-2'), 719 (d, C-3), 86.1 (d, C-4), 77.1 (t, C-5'). A summary for the
correlation is shown in Table S1.

The kinetic parameters and pH optimum for MilB were measured
in Tris—-HCI buffers (pH 6.8-8.8) and assays were conducted in a
total volume of 100 uL that contained MilB (5 um), HMCMP (0.1-
1.8 mm), and Tris-HCl buffer (50 mm). Reactions were incubated for
30 min at 37°C and quenched by boiling for 10 min. Precipitated
protein was removed, and each reaction was analyzed by HPLC.
The quantity of the substrate and product was determined by
measuring and converting its peak area. Prism5 software (Graph-
Pad Software, Inc.) was used to calculate kinetic parameters.
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Tyl1a, a TDP-6-deoxy-Dp-xylo-4-hexulose 3,4-isomerase from
Streptomyces fradiae: Structure Prediction, Mutagenesis
and Solvent Isotope Incorporation Experiments to
Investigate Reaction Mechanism

Ménica Tello,” " Martin Rejzek,™® Barrie Wilkinson,'” David M. Lawson,*® and

Robert A. Field*™ ®’

Understanding the structure and mechanism of sugar nucleotide
processing enzymes is invaluable in the generation of designer
enzymes for biotransformation, for instance, in connection with
engineering antibiotic glycosylation. In this study, homology
modelling and mechanistic comparison to the structurally related
RmIC epimerase family has been used to identify and assign

Introduction

The keto-sugar nucleotide TDP-6-deoxy-b-xylo-4-hexulose is a
common and versatile biosynthetic intermediate that is enzy-
matically elaborated in a number of ways. For instance, it
serves as a precursor to all three sugar nucleotide units re-
quired for decoration of the tylactone core en route to the
macrolide antibiotic tylosin (Scheme 1)."? On a broader front,
TDP-6-deoxy-b-xylo-4-hexulose is also used in nature as an in-
termediate en route to a variety of different sugars, including
3-acetamido-3-deoxy-p-fucose (via TDP-6-deoxy-b-xylo-3-hexu-
lose)*? and L-rhamnose (via TDP-6-deoxy-L-lyxo-4-hexulose;**
Scheme 1). Our interest was drawn to the little studied Strepto-
myces fradiae TDP-6-deoxy-p-xylo-4-hexulose 3,4-ketoisomer-
ase, Tyl1a, which participates in the biosynthesis of TDP-p-my-
caminose. Examination of the tylosin biosynthetic gene cluster
coupled with heterologous expression experiments highlight-
ed a previously unassigned open reading frame, subsequently
named tyl1a, directly upstream of tylB.®® Expression of tyl1a in
Streptomyces venezuelae along with genes previously assigned
a role in mycaminose biosynthesis enabled the successful re-
constitution of the entire mycaminose pathway, and supported
the notion that ty/7a encodes an essential TDP-6-deoxy-b-xylo-
4-hexulose 3,4-isomerase capable of forming TDP-6-deoxy-b-
ribo-3-hexulose.” More recently, in vitro studies with recombi-
nant Tyl1a protein have confirmed its function;” further, a ho-
mologue of Tyl1a, QdtA from Thermoanaerobacterium thermo-
saccharolyticum E207-71, has recently been characterised.®
Analysis of the Tylla sequence” has shown that it is a
member of the cupin superfamily,”” from which the keto-sugar
nucleotide epimerase RmIC is the most studied member.'"
Our laboratory has a long-standing interest in the structure
and mechanism of such sugar nucleotide epimerases.>'®
Given the number of examples of enzymes that operate on
the same substrate as Tyl1a (Figure 1), we were prompted to
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functions to active-site residues in the Tyl1a-catalysed keto-sugar
nucleotide isomerisation process. Tylla His63 is implicated as the
base that initiates the isomerisation process by substrate C-3
deprotonation, with Arg109 stabilising the resulting enolate. Sub-
sequent O-3 deprotonation (potentially by His65) and C-4 proto-
nation (potentially by Tyr49) complete the isomerisation process.

investigate the mechanism of Tyl1a action. Previous studies on
the Tylla homologue, FdtA, noted that it contained no
common motifs with other known isomerase families and that
it might act by a novel mechanism.”’ The absence of metal-
binding or oxido-reductase cofactor binding motifs suggests
that Tylla- and FdtA-catalysed isomerisation processes
(Scheme 1) might proceed via enolate chemistry, in a similar
manner to the epimerisation reactions catalyzed by RmIC (vide
supra)."¥ Initially in the absence of structural information for
Tyl1a, we generated models based on crystallographic data for
the weakly homologous RmIC family. These models, together
with sequence alignment information and consideration of res-
idues involved in the RmIC action, were used to guide site-di-
rected mutagenesis of Tyl1a in order to identify active-site resi-
dues involved in its mechanism of action. Towards the conclu-
sion of our study, the crystal structure of keto-sugar nucleotide
isomerase FdtA was reported."” The studies reported herein
support and extend observations and mechanistic proposals
for substrate isomerisation based on the FdtA structure. In par-
ticular, experiments that employ solvent isotope incorporation
have allowed us to establish and dissect the contribution of
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Scheme 1. The versatility of TDP-6-deoxy-D-xylo-4-hexulose as a biosynthetic building block and its relevance to tylosin biosynthesis.

putative active-site acids and bases; these studies have identi-
fied mechanistic similarities to the RmIC family of keto-sugar
nucleotide epimerases.

Results
In silico studies

Comparison of RmIC family epimerases and putative TylTa family
isomerases: Although the sequence identities between Tylla
and RmIC proteins are of the order of 20% or less, we were
drawn to consider potential similarities between Tyl1la and
RmIC based on the potential for elements of common reaction
mechanism. We, therefore, focussed our attention on the resi-
dues that have been implicated in substrate binding and in
effecting the epimerisation process in RmIC that are also con-
served in Tyl1a.

Residues involved in substrate binding: In the RmIC family, an
active-site Arg residue (Arg60 in the Salmonella sequence;
Figure 1) forms a hydrogen bond to the phosphate groups of
the substrate™ and in NovW to a sulfate molecule present in
the active site of the substrate-free enzyme." This Arg residue
is located in the first position of an RGXH motif that is con-
served in the broader RmlC-related family of epimerases and
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isomerases, which includes the Tyl1a, FdtA and QdtA isomeras-
es (Figure 1). This suggested a common role for Arg60 in sub-
strate binding and highlighted Tyl1a Arg60 for further investi-
gation.

Residues involved in catalysis: The RmlC-catalysed 3,5-epimeri-
sation of TDP-6-deoxy-D-xylo-4-hexulose is thought to proceed
by initial epimerisation at C-5 followed by epimerisation at C-
3,11 as demonstrated for GDP-mannose epimerase (GME).*% In
the RmIC reaction, the axial proton at C-5 of the keto sugar is
abstracted by a basic residue, His63, with subsequent forma-
tion of an enolate. This process is aided by stabilisation of the
developing enolate by the surrounding positively charged resi-
dues, in particular the protonated side chain of Lys73, which
lies in close proximity to the enolate oxyanion. The epimerisa-
tion process proceeds by proton transfer to C-5 from an acidic
residue, Tyr133, located on the opposite face of the enolate to
the original position of the H-5 proton. Subsequently, the H-3
proton is abstracted, which results in enolate formation and,
on this occasion, protonation by water completes the second
epimerisation reaction (Scheme 2).

When the Tyl1a sequence is aligned with the RmIC family,
the catalytic His63 of RmIC aligns with His63 of Tylla
(Figure 1). Indeed, the RGXH motif characteristic of the RmIC
family, in which His is the catalytic base, is conserved in the
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Figure 1. Structure-based multiple sequence alignment of Streptomyces fradiae Tyl1a (Tyl1a_S.fra) with selected isomerase and epimerase sequences displayed
by using ESPript."® The initial alignment was generated by using EXPRESSO," and subsequently adjusted manually with reference to superposed known
structures. Strictly conserved residues are highlighted with red boxes, and well-conserved residues are boxed with the predominant residues in red. Secon-
dary-structure elements for the Tylla homology model are shown above the alignment, where o helices are represented by an «, 3 strands by {3 and 3;, heli-
ces by 1. Isomerases: FdtA from Aneurinibacillus thermoaerophilus (FdtA_A.the), QdtA from Thermoanaerobacterium thermosaccharolyticum (QdtA_T.the). Epi-
merases: RmIC from Salmonella typhimurium (RmIC_S.typ), RmIC from Methanobacterium thermoautotrophicum (RmIC_M.the), RmIC from Streptococcus suis
(RmIC_S.sui), NovW from Streptomyces spheroides (NovW_S.sph), EvaD from Amycalotopsis orientalis (EvaD_A.ori). The residues mutated in this study are indi-
cated by green triangles. Yellow triangles show the epimerase active-site residues His63 (base), Lys73 (enolate stabiliser), Tyr133 (acid) and Asp170 (dyad with
His63; S. typhimurium sequence numbering). The purple star highlights Arg109 of Tyl1a that corresponds to His95 of FdtA (His in the RmIC family, as part of a
second largely conserved His—Asp dyad, to which a precise function has not been assigned).

Tylla sequence. However, none of the remaining essential
three catalytic residues of RmIC is conserved in Tylla—that is,
Lys73 (stabilises enolate), Tyr133 (acid for first epimerisation),
Asp170 (dyad with His63; Salmonella sequence numbering).
This analysis highlighted Tyl1a His63 for further investigation.

Sequence analysis of Tylla and putative isomerase proteins: In
attempting to identify possible candidates that might act as

ChemBioChem 2008, 9, 1295 - 1302 © 2008 Wiley-VCH Verlag GmbH

basic and acidic residues in the Tylla-catalysed isomerisation
process, sequence alignments highlighted similarities between
Tylla and several other proteins, including FdtA, which is an
experimentally validated 3,4-isomerase from Aneurinibacillus
thermoaerophilus (sequence identity to Tylla 34%) that forms
TDP-6-deoxy-D-xylo-3-hexulose from TDP-6-deoxy-p-xylo-4-hex-
ulose, and QdtA, which is an experimentally validated 3,4-iso-
merase from T. thermosaccharolyticum (sequence identity to
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Scheme 2. The proposed mechanism of epimerisation catalysed by RmiIC.

Tylla 33%) that forms TDP-6-deoxy-b-ribo-3-hexulose from
TDP-6-deoxy-p-xylo-4-hexulose ~ (Figure 1).%® Two obvious
motifs are evident in these three proteins. An acidic RRVYY
motif (Tyl1a residues 46-50) is matched by KRVYY in FdtA and
QdtA; the first residue is not conserved as such—both arginine
and lysine possess the ability to support a positive charge
through protonation. The first four amino acids of a conserved
RGXHAH motif (Tyl1a residues 60-65) are described above in
connection with a substrate binding Arg residue (first position
of the motif) and the likely catalytic base (His in the fourth po-
sition of the motif). These alignment data highlighted Tyl1a
Tyr49, Tyr50 and His65 for further investigation, and reinforced
a likely functional role for His63. As a control, we also selected
Tyl1a Tyr128, a tyrosine residue that is present in many epimer-
ase and isomerase family sequences (Figure 1), but which is
not directly involved in the mechanism of the former.

Generation of 3D models of wild-type Tyl1a: Ahead of mutagen-
esis studies on the residues already outlined (Tylla Tyr49,
Tyr50, His63, His65, Arg60 and Tyr128), the plausibility of such
residues being located in the active site of Tylla was consid-
ered. Due to the lack of relevant isomerase crystal structures
when this study was initiated, homology models of Tylla
based on the structurally characterised RmIC family were gen-
erated by using the 3D-PSSM®" and FUGUE®? fold recognition
servers. The 3D-PSSM server generated a model based on
RmIC from Methanobacterium thermoautotrophicum (PDB code
1EPO; sequence identity to Tylla 19%), and FUGUE used RmIC
from Salmonella typhimurium (PDB code 1DZR; sequence iden-
tity to Tylla 14%) to produce a model. These models gave a
similar disposition of the target residues around the cupin -
barrel fold, with one notable exception: in the 3D-PSSM
model, Tyr49 pointed into the 3 barrel and Tyr50 pointed away
from the [} barrel, whereas in the FUGUE model, the opposite
was true (models not shown). However, during the course of
our work the crystal structure of FdtA from A. thermoaerophilus
was published"” (PDB ID code 2PA7; sequence identity to
Tylla 34%). This was clearly a superior structure to use as a
template for modelling Tylla. We, therefore, retrospectively
generated a new model based on this structure using a combi-
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nation of FUGUE (with Z score 26.7) and MODELLER®® (Fig-
ure 2). This was comparable to both previous models, but was
closest to the 3D-PSSM model with Tyr49 pointing into the
[ barrel and Tyr50 pointing away from the 3 barrel.

The structural analysis of FdtA potentially implicates His95 in
substrate binding and/or catalysis. This residue is replaced by
Arg in both Tyl1a (residue 109) and QdtA (residue 97). The cor-
responding residue forms part of a His-Asp dyad in some
RmICs, but no function has been assigned to this second dyad
and indeed it is absent in the Streptococcus suis sequence.
Combined, the lack of conservation of sequence and the ab-
sence of precedent for function did not encourage us to inves-
tigate this residue further at this stage.

In summary, the modelling confirmed that the residues we
had highlighted based on sequence alignment data and mech-
anistic considerations were still valid targets for mutagenesis.
We, therefore, decided to make the following Tylla mutants:
Arg60Ala, His63Ala, His65Ala, Tyr49Phe, Tyr50Phe and
Tyr128Phe.

Generation and characterisation of recombinant wild-type
and mutant proteins

Cloning, over-expression and purification of wild-type Tylla: The
447 bp tylla gene was amplified from S. fradiae genomic DNA
and cloned into pUC18." This was subcloned into pET151/D-
TOPO vector by using the pET directional TOPO cloning proto-
col in order to allow over-expression of the Tyl1a protein with
a TEV-cleavable N-terminal His-tag. Tylla over-expression in
E. coli BL21 (DE3) yielded high amounts of soluble and active
protein (~25 mgL™"), which was purified by nickel affinity chro-
matography and subsequently by size-exclusion chromatogra-
phy to give highly pure material, as judged by SDS-PAGE.

Preparation, over-expression and purification of Tylla mutants:
Tylla Tyr49Phe, Tyr50Phe, Arg60Ala, His63Ala, His65Ala and
Tyr128Phe mutants were prepared by site-directed mutagene-
sis by using the QuickChange® mutagenesis protocol. Plasmids
were then transformed into E. coli BL21 (DE3) and the mutant

ChemBioChem 2008, 9, 1295 - 1302
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Figure 2. Homology model of Tyl1a based on the crystal structure of FdtA from Aneurinibacillus thermoaerophilus (PDB ID code: 2PA7). A) Tyl1a is likely to
exist as a homodimer, in agreement with FdtA and epimerases in general, and has been modelled as such; this is depicted in cartoon representation. B) Ste-
reo view looking into the mouth of one of the cupin f barrels of the homodimer (this corresponds to the red boxed region in A). The barrel is largely made
up by f strands from one subunit (pale blue), but also contains two f strands donated from the neighbouring subunit (red). Residues selected for mutagene-
sis are shown with green carbon atoms. For reference, key active-site residues from RmIC that have no equivalents in Tyl1a are also shown in yellow (these
are taken from the S. typhimurium structure, PDB ID code 1DZR, with the corresponding numbering in parentheses). Arg109, shown with purple carbons, is

structurally equivalent to His95 of FdtA. The figure was generated by using PyMOL (http://www.pymol.org).

proteins were over-expressed in the same way as the

wild type. The Tyr49Phe and His65Ala mutants yield-

ed a very small amount of soluble protein, whereas o
Arg60Ala and His63Ala produced similar amounts to
the wild type. In order to solve this problem, coex-
pression with the GroESL chaperone system® was
employed where necessary. For instance, use of the
GroESL system with the Tyr94Phe mutant resulted in
an improvement of soluble expression of at least ten-
fold—that is, it gave an expression level comparable
to the wild-type sequence expressed in the absence
of GroESL. The mutant proteins were purified by
nickel affinity chromatography and size-exclusion
chromatography in a similar way to the wild-type protein.

"H NMR enzyme-activity assay: The activity of Tylla proteins
was assessed by 'H NMR spectroscopy.>” The Tyl1a substrate,
TDP-6-deoxy-b-xylo-4-hexulose, was prepared enzymatically on
a multimilligram scale by the action of recombinant RmIB on
TDP-glucose.”™ In aqueous solution, the 4-keto starting materi-
al and 3-keto product exist predominantly (>759%) in the hy-
drated gem-diol form, which is spectroscopically distinct from
the parent keto form. All reference herein is to these hydrates.
For the purposes of the discussion, key signals used in our
studies are identified in Scheme 3; NMR signals and protocols
are in accord with those reported previously.”!

Upon incubation of TDP-6-deoxy-p-xylo-4-hexulose (4-keto
compound) with Tyl1a, formation of TDP-6-deoxy-Dp-ribo-3-hex-
ulose (3-keto compound) was observed from the appearance
of the clearly identifiable H-6 signal (amongst others). The sig-
nals corresponding to the 3-keto product progressively in-
creased in parallel with reduction of the corresponding signals
of the starting material. However, as noted by Liu and co-work-
ers,”) the formation of the 3-keto compound reaches a maxi-
mum at ~35% conversion, after which it slowly decomposes
into a third compound, 2,3-dihydro-3,5-dihydroxy-2-methyl-4-
pyrone. The appearance of decomposition product following
formation of the TDP-6-deoxy-D-xylo-3-hexulose was earlier re-
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Scheme 3. Characteristic '"H NMR signals used to monitor the Tyl1a-catalysed isomerisa-
tion of TDP-6-deoxy-p-xylo-4-hexulose to TDP-6-deoxy-p-ribo-3-hexulose and its subse-
quent chemical degradation. (The signals identified are for the hydrated ketones in the
sugar nucleotides.)

ported in a FdtA-catalysed reaction.” The competing chemical
degradation of the Tyl1a reaction product potentially compli-
cates the quantitative kinetic analysis of the Tyl1a-catalysed
isomerisation of TDP-6-deoxy-D-xylo-4-hexulose. We, therefore,
resorted to the direct analysis of both substrate depletion and
product formation by 'H NMR spectroscopy in D,0, which al-
lowed the isomerisation catalysed by Tyl1a, and mutants there-
of, to be followed. This approach enabled us to assess the rela-
tive rates of deuterium incorporation into substrate and the
rate of substrate isomerisation, which offers potential to dis-
sect the overall isomerisation process.’

Characterisation of wild-type Tylla: The rate of Tylla-cata-
lysed reaction was monitored by analysing the changes in in-
tensity of 'H NMR signals characteristic of the TDP-6-deoxy-p-
xylo-4-hexulose substrate and TDP-6-deoxy-p-ribo-3-hexulose
product (Table 1). For the wild-type Tyl1a reaction, the rate of
appearance of the H-6 signal for the 3-keto compound was
slightly lower than the rate of disappearance of the H-6 signal
of the starting 4-keto compound due to competing degrada-
tion of the former to 2,3-dihydro-3,5-dihydroxy-2-methyl-4-
pyrone. In addition, these studies showed a faster rate (two-

" "H NMR spectroscopy data for TDP-6-deoxy-p-xylo-4-hexulose, the product
TDP-6-deoxy-D-ribo-3-hexulose and the resulting chemical degradation prod-
uct 2,3-dihydro-3,5-dihydroxy-2-methyl-4-pyrone were in accordance with lit-
erature data; this allows for differences that result from different buffers and
reference standards.””” %%
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Table 1. Initial rates of reaction (nmols™') of Tylla wild type (WT) and mutants based on changes in 'H NMR signal intensities for the methyl group (H-6;
decrease at 1.04 ppm) and the H-3 proton (decrease at 3.64 ppm) of TDP-6-deoxy-b-xylo-4-hexulose, along with an increase in signal intensity of the
methyl group of the isomerised product TDP-6-deoxy-p-ribo-3-hexulose product (H-6; increase at 1.23 ppm).

NMR signal®® / Tyl1a protein WT Arg60Ala His63Ala His65Ala Tyr49Phe Tyr50Phe Tyr128Phe
substrate / H-6 —0.55 —0.11 n.d. n.d. n.d. —0.44 —0.45
product / H-6 +0.50 +0.05 n.d. n.d. n.d. +0.42 +0.39
substrate / H-3 —-1.24 -0.16 n.d. —-1.21 —-1.43 —-0.91 -1.20

[a] n.d.: not detectable; [b] experimental error about + 5 %.

fold) of removal of the C-3 proton than of isomerisation (based
on the rate of change in signal intensity of the substrate and
product C-5 methyl groups). This observation is consistent
with a stepwise rather than a concerted isomerisation process.

Discussion and Conclusion

In the absence of a metal-ion cofactor, the chemistry required
for Tyl1a action encouraged us to consider an RmIC-like acid/
base mechanism.'? A combination of sequence alignment and
an homology model generated from the FdtA crystal structure
suggested that Tyr49, Arg60, His63 and His65 all point towards
the inside of the 3 barrel that forms the Tyl1a active site and
create a binding pocket to accommodate the keto-sugar nu-
cleotide substrate. This drove the rational choice of residues
for mutagenesis: Arg60Ala, His63Ala, His65Ala, Tyr49Phe,
Tyr50Phe and Tyr128Phe. Following 'H NMR characterisation of
the reaction catalysed by the six mutants, the lack of effect on
reaction rates suggested that Tyr50 and Tyr128 are not in-
volved in Tylla-catalysed keto-sugar nucleotide isomerisation.
The other mutants gave reduced rates or only partial reactions;
this result enables speculation about the contribution of each
amino acid to steps in the isomerisation process.

Characterisation of Tyl1a (wild-type sequence): It is interesting to
note that for Tyl1a the rate of deuterium incorporation at C-3
was faster than the generation of isomerised product; this is
consistent with H-3 deprotonation occurring before the rate-
determining step.

Characterisation of Tylla Arg60Ala: The Arg60Ala-catalysed re-
action showed very slow substrate isomerisation (approx five-
to tenfold slower than wild type) with appearance of the sig-
nals that corresponded to both the 3-keto compound and de-
composition product after a few hours of incubation at 37°C.
This suggests that Arg60 plays a supporting role in the Tylla
reaction, and most likely plays a role in substrate binding, as is
the case for the corresponding residue in RmIC (discussed in
ref. [13]) and evident in the crystal structure of the FdtA-TDP
co-complex.'”!

Characterisation of His63Ala and His65Ala: Isomerised 3-keto
compound or decomposition product were not detected in re-
actions with the His63Ala mutant, even after several days of in-
cubation at 37°C. In contrast, His65Ala showed a wild-type re-
action rate for removal of the C-3 proton. However, formation
of the 3-keto product and decomposition product was drasti-
cally slowed down: after overnight incubation, only moderate
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(~20%) formation of the decomposition product was evident,
with no sign of the 3-keto isomerisation product. Presence of
the decomposition product clearly indicates that there was for-
mation of TDP-6-deoxy-p-xylo-3-hexulose, but its rate of forma-
tion proved slower than its chemical decomposition. Along
with sequence alignment with the catalytic base from RmIC,["
and in keeping with mutagenesis studies on FdtA,!'” these re-
sults strongly implicate Tyl1la His63 in the initial H-3 abstrac-
tion. Interestingly, in the Tyl1a family isomerases, this basic his-
tidine residue appears to operate on its own. In contrast, in
the RmIC epimerase family the corresponding histidine is locat-
ed in a conserved His-Asp dyad. In the appropriate S. suis
RmIC Asp-to-Ala mutant, k./K, is lower by ~130-fold com-
pared to the wild-type protein, but the K., remains essentially
unchanged.” The precise requirement for the dyad is unclear,
but it could be associated with resetting the ionisation state of
the base for the requisite second round of C—H deprotonation
during the RmlC-catalysed double 3,5-epimerisation reaction.
This might suggest that in Tyl1a, His63 is required for only a
single deprotonation step.

Analysis of Tyl1a His65Ala shows a normal rate of deuterium
incorporation at C-3; this confirms that it is not the basic resi-
due that initiates the isomerisation reaction. However, the dra-
matic reduction in His65Ala isomerase activity (as judged by
the lack of detectable change on the H-6 signals of substrate
and product) suggests that it plays a role later in the Tyl1a-cat-
alysed isomerisation process. Again, the reduced isomerase ac-
tivity of this mutant is consistent with data for the correspond-
ing FdtA mutant.['”2

Characterisation of Tyr49Phe, Tyr50Phe and Tyr128Phe: These
mutants were aimed at identifying catalytic acid residues that
participate in the keto-isomerisation process. In the case of
Tyr50Phe and Tyr128Phe, the rate of the isomerisation reaction
was similar to the wild type. Mutation of these two Tyr resi-
dues did not affect the enzyme activity; this suggests that
these residues are not directly involved in the isomerisation
process. In the case of Tyr49Phe, only disappearance of the
substrate H-3 proton signal was observed, at a similar rate to
the wild type (Table 1), and no other notable changes were
evident. This indicated that this mutation had affected the re-
action after removal of the H-3 proton, and implicated Tyl1a
Tyr49 as an essential residue for activity. This residue likely
plays a role as an acid in the keto-isomerisation process, per-
haps by protonating an enol/enolate intermediate at the sugar

2 Any differences can be attributed to the fact that the Tylla mutations were to
Ala, whereas the FdtA mutations were to Asn.
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C-4 in a manner analogous to that of the key active-site tyro-
sine residues in the RmIC and EvaD epimerases, which proton-
ate an enolate intermediate at the sugar C-5 position in order
to complete the C-5 epimerisation process.

Putative mechanism of the Tylla-catalysed ketoisomerisation re-
action: It is clear that Tylla His63 initiates isomerisation of
TDP-6-deoxy-D-xylo-4-hexulose by deprotonating C-3 of the
keto sugar. This step is directly analogous to the first step in
epimerisaton (of the same substrate) catalysed by the RmIC
family. However, in the latter a conserved lysine residue serves
to stabilise the oxyanion of the enolate; in Tyl1a the corre-
sponding residue is Arg109, whilst in FdtA it is His95—a resi-
due that has been considered to have a potential role in catal-
ysis."” Given the demonstrated requirement for His65 in both
Tyl1a and FdtA action, it is conceivable that this residue serves
to deprotonate the 3-OH group of the enolate intermediate in
order to drive isomerisation, with concomitant C-4 protonation
by Tyr49 to complete the process to give TDP-6-deoxy-b-ribo-
3-hexulose (Scheme 4).

Given the likelihood of a common mechanism up to the C-
protonation step, this putative mechanism leaves the question
of how Tylla and FdtA are able to generate stereoisomeric
products from a common enolate intermediate—that is, C-4
equatorial alcohol for Tyl1a (C-4 axial alcohol for FdtA). As with
the ambiguity in the mechanism of RmIC family epimeras-
es,"*" one is left to conclude that subtleties in the orientation
of either (or both) active-site side chains and the enolate inter-
mediate might account for the difference in stereochemical
outcome of the Tylla- and FdtA-catalysed isomerisation reac-
tions.

Experimental Section

Cloning of Tyl1a: The 447 bp tylTla gene was amplified from S. fra-
diae genomic DNA by using the primers 5-GGGCATATGAAC-
GACCGTCCCCGCCGCGCCATGAAGGG-3' and 5-CCCCTCTAGAGGT-

into pUC18.5! For over-expression of the corresponding protein
with a TEV-cleavable N-terminal His-tag, the tylTa gene was sub-
cloned into pET151/D-TOPO vector by using the pET directional
TOPO cloning protocol (Invitrogen). TOP10 competent cells were
transformed with the resulting plasmid, and single colonies were
isolated and cultured to generate plasmid stocks by using a mini-
prep kit (Qiagen).

Over-expression of Tylla: The plasmid was transformed into
E. coli BL21 (DE3), a single colony was selected and grown for 8 h
at 37°C in LB media (5 mL, containing 100 pgmL~" ampicillin). A
sample of this culture (0.5 mL) was used to inoculate a seed cul-
ture (50 mL of LB media with 100 ugmL™" of ampicillin, incubated
at 37°C, overnight), which in turn was used to inoculate a produc-
tion culture (1L of LB media, 100 pgmL~" of ampicillin) that was
incubated at 37°C until the ODg,, reached 0.5-0.6. At that point,
the culture was induced with IPTG (final concentration 0.4 mm)
and was shaken at 37°C for 4-5 h. The cells were harvested by
centrifugation (130009 for 10 min) and were stored at —20°C until
required.

Purification of Tylla and mutants: The cell pellet stock was resus-
pended in Tris buffer (10 mL; 50 mm, pH 8.0, 300 mm NaCl, 10 mm
imidazole). Cells were lysed by passing the suspension three times
through a French press and the membranes were centrifuged
(33000g for 30 min). The supernatant was loaded onto a nickel Hi-
Trap chelating column (5 mL; Amersham) that was pre-equilibrated
with buffer (50 mm Tris, pH 8.0, 300 mm NaCl, 20 mm imidazole).
The column was then washed with five column volumes (CV) of
the same buffer to elute unspecifically bound proteins. A gradient
from 0-75% of elution buffer (50 mm Tris, pH 8.0, 500 mm NaCl,
500 mMm imidazole) in 10CV followed by a 75-100% in 10CV was
applied for the elution of Tyl1a. The fractions collected, as well as
the flow-through and cell pellet, were analysed by SDS-PAGE gel.
Those fractions containing Tyl1a were pooled and dialysed at 4°C,
overnight (against 2L of 20 mm Tris, pH 8.0, 150 mm NaCl). The
protein was then loaded on a HiLoad™ Superdex™ 16/60 column
(Amersham) that was equilibrated with 2CV of the dialysis buffer.
The fractions containing Tyl1la were pooled and concentrated to
~5mgmL~". The protein was flash-frozen in liquid nitrogen, with
no requirement of cryoprotection, prior to storage at —80°C. Tyl1a
was stable upon thawing of the samples without reduction of

CACTGTGCCCGGCTGTCGGCGGCGGCCCCGCGCATGG-3, and cloned  activity.
Tyrd9 : Tyr49
- i 0
N N 1 i
Arg109” T+ : H Arg109” £ " CH L 0
4\ 3 0
NH 0. CHs 0] o
0 OH
His65 N HO His65 e OH © otbp
N ~H—O
[ > OH [ & oTDP
. H OTDP >
N His63 NY His63
| N |) NH
H [ ) H \ZZf/> CH,
. VY o)
") N HO
H OH

TDP-6-deoxy-D-xylo-4-hexulose

o OTDP
TDP-6-deoxy-D-ribo-3-hexulose

Scheme 4. Putative mechanism of Tyl1a-catalysed isomerisation of TDP-6-deoxy-p-xylo-4-hexulose to TDP-6-deoxy-p-ribo-3-hexulose. The final alkoxide proto-

nation can be performed either by the enzyme or water.
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Site-directed mutagenesis: Tylla mutants were prepared by using
the principle of QuickChange® mutagenesis (Stratagene). The pri-
mers used to generate Tylla mutants are listed in Table 2. The PCR

Table 2. Sequence of the primers used for ty/Ta mutagenesis.

Primer sequence (5'—3')

Tyr49Phe forward
Tyr49Phe reverse
Tyr50Phe forward
Tyr50Phe reverse
Arg60Ala forward
Arg60Ala reverse
His63Ala forward
His63Ala reverse
His65Ala forward
His65Ala reverse
Tyr128Phe forward
Tyr128Phe reverse

CGTGCGGCGCGTGTTCTACCTGCACGATCTGC
GCAGATCGTGCAGGTAGAACACGCGCCGCACG
GTGCGGCGCGTGTACTTCCTGCACGATCTGCAG
CTGCAGATCGTGCAGGAAGTACACGCGCCGCAC
GCCGGCACCTGGGCCGGCGGACACGCC
GGCGTGTCCGCCGGCCCAGGTGCCGGC
CTGGCGCGGCGGAGCCGCCCACCGCTCTC
GAGAGCGGTGGGCGGCTCCGCCGCGCCAG
GGCGGACACGCCGCCCGCTCTCTGGAG
CTCCAGAGA GCG GGC GGCGTGTCCGCC
CTGGCCTCGGGGCACTTC GACGAGTCGGACTACC
GGTAGTCCGACTCGTCGAAGTGCCCCGAGGCCAG

reactions for mutagenesis experiments were prepared as follows:
DNA template (1 pL), Kod polymerase (1puL of 1UpL™"), poly-
merase buffer (5 puL of 10x stock), dNTP mix (8 uL of 2 mm), for-
ward primer (2 pL of 10 um), reverse primer (2 uL of 10 um), MgSO,,
(3 pL of 25 mm) and MilliQ water (28 pL). After PCR the reactions
were incubated with Dpnl restriction enzyme (10 U) for 2 h and
transformed into DH5a. competent cells. The plasmid stocks isolat-
ed from single DH5a colonies were sequenced to check the pres-
ence of the correct mutation.

Preparation of TDP-6-deoxy-p-xylo-4-hexulose: TDP-glucose
(20 mg, 33 pmol) was incubated with RmIB (3 mg)®' and NADH
(1 mm) in sodium phosphate buffer (2 mL of 20 mm, pH 7.6) at
37°C for 20 h. Protein was removed by filtration through a Centri-
prep concentrator (4 mL; Amicon), the filtrate was lyophilized and
stored at —20°C until required.

'"HNMR activity assays: Enzymes used in NMR spectroscopy
assays were prepared by being exchanged into a deuterated
buffer (50 mm NaD,PO, in D,0O, pD 7.5) by using Centricon spin fil-
ters with a 10 kDa cut-off. Enzymatic reactions were performed as
follows: TDP-6-deoxy-D-xylo-4-hexulose (2 mg) was dissolved into
D,0 (0.7 mL; substrate concentration 5 um) at 37°C, a spectrum of
the starting material was acquired and the reaction was initiated
by the addition of Tyl1a (50 pg; final assay concentration ~3 um).
Spectra were recorded at intervals over a period of ~2-24 h, de-
pending on the rate of reaction. NMR signals and protocols are in
accord with those reported previously.”
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Photolabile Glutamate Protecting Group with High One-
and Two-Photon Uncaging Efficiencies

Sylvestre Gug,”™® Sébastien Charon,”™" Alexandre Specht,” Karine Alarcon,

[b]

David Ogden,”® Burkhard Zietz,'” Jérémie Léonard,” Stefan Haacke, Frédéric Bolze,*™
Jean-Francois Nicoud,” and Maurice Goeldner™

A m-extended [2-(2-nitrophenyl)propoxy]carbonyl (NPPOC) deriva-
tive has been prepared as an efficient UV and near-IR photolabile
protecting group for glutamate. This glutamate cage compound
exhibits efficient photorelease upon one-photon excitation (e® =
990m~"'cm™" at 315 nm). In addition, it also shows efficient pho-
torelease in activation of glutamate receptors in electrophysiolog-

Introduction

Photolabile protecting groups are efficient tools for revealing
intimate dynamic processes in living cells. This is particularly
the case in neurosciences, where the controlled liberation of
neurotransmitters leads to better understanding of the neuro-
nal circuitry."™ Nevertheless, the classically used one-photon
excitation process permits only very limited spatial control
over the release of neurotransmitters, as the photochemical
reaction occurs along the entire light pathway. Better spatial
resolution through a “photochemical two-photon uncaging”
process was demonstrated a few years ago.”® In that case, the
biologically active substance was caged with two photoremov-
able protecting groups, so the liberation of the targeted active
compound required two photolytic reactions to occur, which
can take place simultaneously on the same molecule only in a
reduced volume at the focus of a laser beam. However, this
technique does not suppress the light absorption along the
optical pathway by the liquid medium containing the caged
molecule.

The chemical “two-photon process” can also be achieved by
a physical nonlinear optical property: two-photon absorption
(TPA).”" In this case, the excited state is populated not by clas-
sical absorption of a single photon of energy hv, but by the si-
multaneous absorption of two photons of half the excitation
energy (hv/2 each). The quadratic dependence of TPA versus
light intensity induces sufficient excitation only at the focal
point of a femtosecond pulsed laser. This intrinsically generates
high spatial control (with one-micron precision in the three
dimensions) for the release of active substance.”® Furthermore,
two-photon excitation involves the use of lower-energy, IR
light rather than UV excitation. This provides two fundamental
advantages for biological applications: reduced photodamage
to the cells or organs and better penetration of the light beam
in living tissues.”” Many efficient caging groups for glutamate,
using excitation wavelengths ranging from UV to visible light,
have been described in the literature.”""" Among these photo-
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ical recordings. Combined with a high two-photon uncaging
cross-section (0D =0.45 GM at 800 nm), its overall properties
make this new cage—3-(2-propyl)-4'-methoxy-4-nitrobipheny!
(PMNB)—for glutamate a very promising tool for two-photon
neuronal studies.

removable groups, only a few have successfully been used in a
two-photon uncaging process; they include the 6-bromo-7-
hydroxycoumarin series,"? the nitroindoline series,"” the di-
nitroindoline series,"* ' and more recently the DMNPB (3-(4,5-
dimethoxy-2-nitrophenyl)-2-butyl) caging group.” However,
none of these photolabile protecting groups combines a high
two-photon uncaging action cross-section together with high
quantum efficiency for glutamate release. Here we report the
synthesis and characterization of an efficient glutamate cage
derived from the [2-(2-nitrophenyl)propoxy]carbonyl (NPPOC)
series!'® and displaying efficient one- and two-photon photo-
release in the near UV and in the 800 nm range, respectively.
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Results and Discussion

Molecular engineering and synthesis

It is well known in molecular engineering of 1D donor-donor
or donor-acceptor nonlinear optical chromophores that the
optimization of the two-photon absorption cross-section (d)
requires an elongation of the conjugated s system and/or an
increase in the power of the donor or acceptor side groups.
Here, in addition, we have to keep the acceptor nitro group,
which is crucial for the uncaging photochemical reaction. Clas-
sical ways to increase the length of a conjugated system start-
ing from a single phenyl ring include the addition variously of
a & bond, such as in styrene derivatives, of a phenyl ring, to
provide a biphenyl system, or of a styrene moiety, to provide a
stilbene derivative. Starting from the known 3-(4,5-dimethoxy-
2-nitrophenyl)-2-butyl (DMNPB) structure," lengthening of the
7t system appeared to be more promising than increasing the
donor group efficiency (here, for example, by replacing the
methoxy group by an amino group)."” At this point, however,
although this strategy would without doubt increase the two-
photon absorption cross-section, care had to be taken about
the efficiency of the photochemical reaction (in particular the
uncaging quantum yield @). The introduction of an additional
7 bond such as in stilbene derivatives illustrates the impor-
tance of this parameter. Indeed, it has been reported—and we
have observed, as shown later—that the uncaging quantum
yields decrease with such structures.”

The efficiency of the photochemical reaction has also been
improved by modifying the link between the caged molecule
and the protecting group. We thus prepared an analogue of
DMNPP containing two directly linked phenyl rings, initially de-
scribed for one-photon photoliberation of deoxynucleosides."®
This chromophore should have a high two-photon absorption
cross-section, while photochemical side-reactions during the
photolysis should be minimized. The methoxynitrobiphenyl
key intermediate 1 was prepared by a modification of a de-
scribed procedure (Scheme 1)." 2-(5-lodo-2-nitrophenyl)pro-
pan-1-ol (2) was coupled to phenylboronic ester derivative 3
to give the corresponding methoxy derivative 1. Protected glu-
tamate (N-o-tert-butyloxycarbonyl-L-glutamic acid a-tert-butyl
ester) was then grafted to this cage to give 4, which was de-
protected in acidic media to give the caged glutamate 5. New
compounds were characterized by 'H and "*C NMR spectrosco-
py, UV-visible spectroscopy, and mass spectrometry. All experi-

S S

3 2 1
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mental details are given in the Supporting Information. The
solubility of 5 at room temperature in phosphate buffer
(pH 7.4) containing DMSO (1%) was measured as 1 mmolL™".

One- and two-photon photophysics and uncaging

One-photon properties: The one-photon properties of caged
glutamate 5 were investigated by UV-visible spectroscopy. The
absorption maximum and molar absorption coefficient are
317 nm and 9900 m~'cm™, respectively. The photolytic release
of glutamate (as a chromophoric derivative that was formed
quantitatively after condensation with o-phthaldialdehyde and
mercaptoethanol) after irradiation in neutral buffered medium
was analyzed quantitatively by HPLC."® Caged glutamate 5
afforded a 90% vyield of glutamate release. This value is in the
same range as that provided by the DMNPB-caged glutamate
described previously.™

The percentages of released glutamate were also measured
for the stilbenic derivative 6 and for compound 5’s phenolic

NO, NH,
o
O CO,H  NO, NH,
0
O O71/\/kCOQH
= (@]
6 7
OMe OH

analogue 7. Compound 7 was prepared in order to check the
efficiency of its phenolate salts, which present red shifts of the
UV absorption transition, and were supposed to have better
TPA cross-sections due to the better donor effect of O". The
percentages of released glutamate were only 48% for 6 and
<10% for 7, indicating that these chemical functional groups
induce some competitive photochemical pathways that do not
contribute to the release of glutamate. We did not further
characterize these two caging platforms."” The disappearance
quantum vyield of 0.1 for 5 was determined by comparison
with the 1-(2-nitrophenyl)ethyl-ATP reference molecule at
315 nm and HPLC analysis.””

Overall, the high photolysis quantum yield and the signifi-
cant molar absorption coefficient (¢@=990m 'cm™' at
315 nm), together with the very efficient release of glutamate

NO, NH,
O ONO%H
o}

OMe

4 5

NHBoc
CO,tBu

Scheme 1. Synthesis of caged glutamate 5. a) Toluene, Pd(PPh,),, NaHCO; (aq.), 5 h, 110°C, 65 %; b) CH,Cl,, DMAP, Boc-L-Glu-O-tBu, DCC, 59%; c) CH,Cl,, TFA,

91 %.
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Photolabile Glutamate Protecting Group

(90%), make this molecule an efficient glutamate cage in near-
UV photolysis. The fragmentation mechanism for the DMNPP
cage has already been postulated,"” and Figure 1 shows the
changes in the UV-visible spectrum of 5 during photolysis in

irradiation
time / min
—o0
—5
10

0.8 - 15
; —20
-~ —30
< 0.4 ——40

250 350 450 550 650
Alnm —p

Figure 1. Changes in the UV-visible spectrum of 5 during photolysis
(Aex=364 nm) in phosphate buffer (pH 7.4, 100 mm).

phosphate buffer. The nearly isobestic points (254, 325, and
380 nm) indicate a clean photochemical reaction, consistent
with the 90% glutamate release. The light scattering occurring
during the photolysis was due to insoluble photolysis residue.
Flash photolysis experiments were performed on 5 (photolysis
at 350 nm and analysis of the decay of transient at 410 nm) at
room temperature. The rate-limiting step corresponding to the
decomposition of the o-quinoid aci-nitro intermediate is
2000 s (t,,=0.34 ms). This value indicates that the introduc-
tion of a supplementary phenyl ring directly linked to the mol-
ecule does not significantly perturb the one-photon photo-
chemical parameters in relation to those of the related
DMNPB-caged glutamate molecule.™ The hydrolytic stability
was also explored by HPLC in phosphate buffer (pH 7.4) at
room temperature. There was 3% degradation after 24 h (t,,=
16 days).

Two-photon properties: The two-photon photolysis curves,
measured as described in the Experimental Section, are pre-
sented in Figure 2. By comparing the results obtained for com-

100
| |

I 80 -

S

2

=

=

[0]

14

40 . ; . .
0 5 10 15 20

Figure 2. Determination of two-photon uncaging cross-section of 5 (m),

CouOAc (e), and DMNPPE (A) at 1.,=800 nm in a water/acetonitrile solution
(1.5% acetonitrile).
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pound 5 and for the reference 7-hydroxycoumarin-4-ylmethyl
acetate (CouOAc),"? the two-photon uncaging cross-section of
compound 5 was determined to be 0.45GM at 800 nm
(1 GM=10* cm*s per photon). For comparison, we have also
plotted the photolysis of the DMNPB-glutamate, which has a
two-photon uncaging cross-section of 0.17 GM at 720 nm,™
similarly to the MNI-glutamate molecule.?” The two-photon
uncaging cross-section (0®) of compound 5 is, to the best of
our knowledge, the highest value reported for a two-photon
caged glutamate at 800 nm. The quadratic dependence of the
uncaging rate, indicating a true two-photon process, was veri-
fied for peak intensities larger than 10 GWcm™ (Figure 3).

12 A

Uncaging / a.u.

3 T T T 1
0 1000 2000 3000 4000

Squared laser intensity / GW?ecm™ ———»

Figure 3. Quadratic dependence of the uncaging rate as a function of the
laser intensity.

Electrophysiological experiments

In hippocampal neurons with whole cell patch clamp record-
ing at —70 mV, addition of 5 (at 1 mm) from a freshly prepared
solution in DMSO (100 mm) produced a small inward current
similar to that produced by free glutamate (1-10 um). At
0.5 mMm no inward current was detected. At both T mm and
0.5 mm, addition of 5 produced turbidity in the bath solution.
Photolysis with a flashlamp pulse (300-380 nm, 1 ms) at
—70 mV (Figure 4) produced a rapidly rising inward current,
with a rise time similar to the flash duration, with subsequent
rapid decay to a constant level. This constant late current
could be reversed by washing or by addition of 10 mm MgCl..

10 ms

Figure 4. Response of a hippocampal pyramidal neuron to a 1 ms flash pho-
toreleasing L-glutamate from caged L-glutamate (0.5 mm) at the time indi-
cated by the arrow. Whole cell voltage clamp at —70 mV with a K-gluco-
nate-based internal solution and a HEPES-buffered external Ringer with Ca
(2 mm), zero Mg, glycine (100 um), and TTX (tetrodotoxin, 1 pum). 10-90 %
rise time 0.5 ms.
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This suggests that the steady-state level was due to residual
activation of NMDA (N-methyl-p-aspartate) glutamate recep-
tors by glutamate remaining in the vicinity of the cell. The fast
rise was most likely due to activation of fast AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) subtype gluta-
mate receptors, which show rapid desensitization. The fast ac-
tivation of the receptors for glutamate in the presence of a
high cage concentration, 0.5 or 1 mwm, indicates that the cage
has a low affinity and equilibrates quickly with glutamate re-
ceptors. However, no direct tests of the steady state occupancy
of receptors by application of exogenous glutamate or other
neurotransmitters were made in these experiments.

Conclusions

The  photoremovable  3-(2-propyl)-4-methoxy-4-nitrobiphenyl
(PMNB) group, for which an improved synthesis has been devel-
oped, was demonstrated to be a very efficient caging group for
glutamate with unprecedented two-photon sensitivity (0@ =
0.45 GM at 800 nm). The preliminary electrophysiological experi-
ments are encouraging, and work to increase the aqueous solubili-
ty of this new two-photon uncaging chromophore is in progress in
order to allow the preparation of the high concentrations of the
caged glutamate (over 5 mm) necessary for efficient neurophysio-
logical experiments.

Experimental Section

Synthesis: All chemicals and reagents were purchased from Al-
drich or Acros Organics and were used as received unless specified.
The NPE-ATP was purchased from Jena Bioscience. THF was dis-
tilled over sodium and under argon, methylene chloride was dis-
tilled over calcium hydride under argon, triethylamine was distilled
over potassium hydroxide under argon, and DMSO was distilled
over calcium hydride under vacuum and conditioned under argon
prior to use. 'H and "C spectra were recorded with a 300 MHz
Bruker Advance 300 instrument in CDCl; (internal standard
7.24 ppm for 'H and 77 ppm, middle of the three peaks, for *C
spectra) or [Dg]DMSO (internal standard 2.26 ppm and 39.5 ppm
for "*C spectra). FAB mass spectra were recorded with a ZA-HF in-
strument with 4-nitrobenzyl alcohol as a matrix, and ESI spectra
were obtained on a Bruker HTC ultra (ESI-IT). TLC were run on
Merck precoated aluminum plates (Si 60 F254). Column chroma-
tography was run on Merck silica gel (60-120 mesh). 2-Ethyl-4-
iodo-1-nitrobenzene and 2-(5-iodo-2-nitrophenyl)propan-1-ol (2)
were prepared by the procedure reported in the literature."? The
reference 7-hydroxycoumarin-4-ylmethyl acetate (CouOAc) was
prepared by the protocol described by Furuta et al.'?

One-photon photolysis: A solution of 5 (0.2 mm) in phosphate
buffer (pH 7.4, 100 mm, 4 mL) was exposed to a 1000 W Hg Lamp
(Hanovia) focused on the entrance slit of a monochromator at
364 nm (+0.2 nm). The reaction was monitored by UV, and ali-
quots of samples (100 uL) were analyzed by HPLC after derivatiza-
tion with o-phthaldialdehyde and mercaptoethanol (detection by
absorbance at 340 nm) to determine the percentage of released
glutamate. The quantum yield for the photoconversion was deter-
mined (at 315+0.2 nm) by comparison with the photolysis of 1-(2-
nitrophenyl)ethyl-ATP (NPE-ATP, @ =0.63),*" which was taken as
reference in a phosphate buffer (0.1 mm, pH 7.4) at 25°C. These
compounds were tested at identical optical densities at the irradia-
tion wavelengths used. This mixture was photolyzed by continuous
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irradiation at 315 nm, and aliquots were subjected to reversed-
phase HPLC to determine the extent of the photolytic conversions.
Quantum yields were calculated by considering conversions up to
30%, to limit errors due to undesired light absorption during pho-
tolysis as much as possible.

Two-photon photolysis: The two-photon uncaging cross-section
(0®) was determined by comparison with that of CouOAc
(0.13 GM at 800 nm)™ as a known reference, under the same illu-
mination conditions. An amplified Ti:Sapphire laser system deliver-
ing 50 fs, 800 nm pulses at a 5 kHz repetition rate was used to illu-
minate a spectrophotometric cuvette, specially designed for low
volumes (Hellma 105.202.QS) and containing a water/acetonitrile
solution either of the caged compound or of CouOAc (50 pL). With
a collimated laser beam of cross-section 4 mm?, the laser pulse de-
livered by our amplified laser system had a peak intensity in the
range of several 10'°Wcm™ (corresponding to a few 10% photons
per cm? per s) that is similar to that obtained at the focus of a con-
ventional Ti:sapphire femtosecond laser oscillator, but over a much
larger area (and volume). This allowed illumination of the entire
entrance window of the cuvette so as to photolyze the solution
without the need for stirring. lllumination was carried out for 0 to
10 s. The global disappearance of caged glutamate in the solution
was then measured by HPLC, as a function of laser exposure time.
The laser peak intensity used for these in vitro experiments was
much higher than those classically used for in vivo experiments, to
allow chromatographic detection of the disappearance of the
caged molecule by HPLC and an accurate two-photon uncaging
cross-section determination. For in vivo experiments, the peak in-
tensity used to induce a neuron response is generally much lower,
due to toxicity problems.

Electrophysiological experiments: Electrophysiological recordings
were made in pyramidal neurons of primary hippocampal cultures
in external solution containing NaCl (135 mwm), KCl (4 or 10 mm), 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (10 mm), NaHCO,
(2.5 mm), glucose (10 mm), CaCl, (2 mm), glycine (0.1 mm), pH 7.3,
with zero MgCl, to permit activation of NMDA receptors at nega-
tive potential. In most experiments tetrodotoxin (1 um) was pres-
ent. The internal solution contained potassium gluconate
(135 mm), HEPES (10 mm), pH 7.3 with KOH, ethyleneglycol-bis-(2-
aminoethylether)-N,N,N',N'-tetraacetic acid (0.5 mm), MgATP
(4 mm), and GTP (0.1 mm). Caged glutamate was dissolved in dry
DMSO at 100 mm and diluted in two steps into the bath solution
at 0.5 or 1 mm. Photolysis was performed with a xenon arc flash-
lamp (Rapp Optoelectronic) with UG11 filter and neutral density
filters in the light path. Full photolysis intensity was sufficient to
uncage approximately 50% of NPE-caged ATP.
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A Structure-Controlled Investigation of Lipase
Enantioselectivity by a Path-Planning Approach

David Guieysse,® Juan Cortés,”™ Sophie Puech-Guenot,” Sophie Barbe,”
Vincent Lafaquiére,® Pierre Monsan,” Thierry Siméon,*®' Isabelle André,”™ and

Magali Remaud-Siméon*®

A novel approach based on efficient path-planning algorithms
was applied to investigate the influence of substrate access on
Burkholderia cepacia lipase enantioselectivity. The system studied
was the transesterification of 2-substituted racemic acid deriva-
tives catalysed by B. cepacia lipase. In silico data provided by
this approach showed a fair qualitative agreement with experi-
mental results, and hence the potential of this computational

Introduction

With the increasing demand for enantiopure compounds, the
transformation of a racemate into a single stereoisomer has
become a key step in the development of fine chemicals for
the agrochemical or pharmaceutical industries."? Among the
existing enantioselective processes, biocatalysis based on the
enzymatic kinetic resolution of racemates indisputably stands
out.”? It has been proven to be efficient and it is more and
more appreciated. Enzyme enantioselectivity can be modulat-
ed by the reaction conditions, such as the temperature or the
solvent employed. However, much research shows that enan-
tioselectivity is mainly governed by the existence of appropri-
ate fitting between the enzyme and each enantiomer, this
being responsible for the preferred kinetic transformation of
one of them."” With the advent of genome sequencing and
structural biology, more and more enzymes are available to
catalyse the kinetic resolution of a given racemate. In this con-
text, the development of efficient computational methods that
will enable fast evaluation of enantioselectivity is of prime in-
terest for the development of the optimal biocatalyst or to
suggest possible chemical transformation of a given substrate.

To contribute to the development of such methods, we
have focused our work on the understanding of lipase enantio-
selectivity towards 2-substituted racemic acids such as (R,S)-
bromophenylacetic acid ethyl ester."""* These compounds are
important chemical building blocks,"" and their resolution was
carried out through transesterification reactions catalysed by
lipases in organic media. Transesterification is the result of a
two-step mechanism with an acylation leading to the forma-
tion of an acyl-enzyme intermediate, which is then followed by
a deacylation step. In 2-substituted racemic acids, the chiral
centre is located on the acyl part of the substrate. Consequent-
ly, enantioselectivity can occur during the steps leading to the
formation of the first tetrahedral intermediate and/or during
the deacylation step involving the nucleophilic attack of an al-
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method for fast screening of racemates. In addition, a collision
detector algorithm used during the pathway searches enabled
the rapid identification of amino acid residues hindering the
displacement of substrates along the deep, narrow active-site
pocket of B. cepacia lipase and thus provided valuable informa-
tion to guide the molecular engineering of lipase enantioselecti-
vity.

cohol.™ Among the lipases tested, Burkholderia cepacia lipase,
classified as belonging to the GXSXG type, was the most enan-
tioselective."? Several alcohols have been used in the deacyla-
tion step."™ Their structures had little influence on enantiose-
lectivity, therefore indicating that the enantiopreference occurs
mostly during the step leading to the formation of the first
acyl-enzyme. In addition, variation in water activity or solvents
did not affect the enzyme enantioselectivity much."” To ach-
ieve better understanding of the enantiopreference at a molec-
ular level, the reaction tetrahedral intermediates formed with
each enantiomer were modelled by classical molecular me-
chanics."®'"" However, the conformations obtained both with
the more rapidly reacting enantiomers and with their more
slowly reacting counterparts had equivalent energies, and
most of them fulfilled required hydrogen-bonding interactions
required for catalysis. It was thus not possible to differentiate
the diastereomeric complexes in their tetrahedral intermediate
forms or to explain enantiopreference reasonably on the basis
of their energetics and structural analysis."

Given the architecture of the B. cepacia lipase active site,
which is located at the bottom of a narrow pocket 17 A in
length, it was suggested that enzyme ligand affinity—and, by
extension, enantioselectivity—could be affected by the accessi-
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bility of the substrate to the catalytic site and the difficulty en-
countered by the substrate in adopting a productive confor-
mation at the reaction site. Preliminary pseudo-molecular dy-
namics studies under constraints™® indicated structure-based
discrimination possibly mediated by hydrophobic amino acids
with pivoting side chains might be encountered prior to catal-
ysis during the access. This molecular-mechanics-based study
suggested that the more rapidly reacting enantiomer encoun-
tered less hindrance than the more slowly reacting one in ac-
cessing the catalytic site. However, modelling of substrate
pathways toward reaction sites remains a difficult and time-
consuming task, in particular when molecular flexibility is
taken into account. Most classical molecular modelling tech-
niques consider only static properties of binding, such as the
final bound ligand-receptor complex, due to the high compu-
tational costs involved in simulating ligand access from the
protein surface into a narrow, deep active site. These methods
can thus often describe a local and stationary state reasonably
well, but are unable to predict larger molecular behaviour
when dynamical aspects are fundamentally involved. The tech-
nical bottleneck is often the huge number of degrees of free-
dom that have to be managed in order to provide a dynamic
overview of the whole phenomenon. Therefore, new original
methodologies such as the robotics-based approach used in
this work allow a more global mechanistic vision, notably by
filtering the main degrees of freedom in molecular systems,
and rely on new and highly efficient conformational search al-
gorithms originating from recent robotics research. Such ap-
proaches have been successfully applied for studying various
molecular motion problems such as ligand docking"® and ac-
cessibility pathways"” in flexible receptors, folding pathways in
proteins®” and DNA,?" or conformational changes due to pro-
tein loop motions?? and protein domain motions.” The key
advantage of the mechanistic approach that we use for
computing enantiomer trajectories into the enzyme active site
pocket is that it combines the efficacy of a geometric treat-
ment of the main molecular constraints (for example, steric
clash avoidance and structural constraints acting on the molec-
ular chain model) with the performance of sampling-based
path-planning algorithms,*** enabling fast conformational
searching. Such a combination makes the approach well
adapted for handling molecular flexibility and large motions in
a computationally efficient way.

In a continuation of our efforts,*'® the work reported here
aims at further exploitation of the potential of these path-plan-
ning algorithms to tackle the influence of substrate access on
B. cepacia lipase enantioselectivity. A set of 2-substituted race-
mic acids was examined with an improved version of the soft-
ware prototype BioMove3D."? The large set of in silico data
provided by BioMove3D was then analysed and compared
with experimental results. Atom distance information collected
during the path searches by the collision detector BioCD™
was also used for fast identification of amino acid residues hin-
dering the displacement of (R,S) enantiomers along the narrow
and deep active site pocket.

Our results provide new insights into the interdependency
between enantiomer structures and the dynamic nature of the

13,19
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combined motion of both the enzyme and the substrate
during the accessibility step. The role of this synergistic inter-
action occurring prior to catalysis in the enzyme selectivity is
discussed. The potential of our novel modelling approach for
use as a pre-filtering stage to select a catalyst or to accelerate
the engineering of a given catalyst for a given racemate reso-
lution is examined.

Results and Discussion

Enantioselectivity of B. cepacia lipase towards a set of (R,S)-
2-substituted acids

A set of enantiomer pairs derived from (R,S)-bromophenyl-
acetic acid ethyl ester was first synthesized. They were all sub-
jected to a transesterification reaction in octane with octanol
as second substrate and the B.cepacia lipase as catalyst
(Scheme 1).

X X X
‘ N OC,Hsg octant-ol N OC,Hs | N OCgH,7
R O e, g~ © e 0
RS n-octane, S R

30°

Scheme 1. Transesterification reactions of 2-substituted acetic acid deriva-
tives catalysed by B. cepacia lipase.

A preference for the R compound was always observed,
with enantioselectivity values ranging from 1.5 to 57 depend-
ing on the substrate (Table 1). For substrates 1-4, which differ

Table 1. Enantioselectivity of free B. cepacia lipase towards ethyl a-X-ary-
lacetate: influence of X and R substituents.

Compound Substrate E value Conversion
number X R (vi Rvi S)®! [%]

1% Br H 57 (£7) 47 (84 h)
2w Br ortho-CH, 43 (£0.5) 15 (120 h)
3w Br meta-CH, 59 (+2) 46 (120 h)
4@ Br para-CH, 50 (£3) 41 (120 h)
5 Cl H 26 (£1) 48 (72 h)

6 F H 1.5 (+0.1) 54 (49 h)

7 CH; H 35 (£3) 29 (175 h)
[a] Refs. [12,13]. [b] vi R, vi S: initial rates.

only in the position of the methyl group on the aromatic ring,
experimentally determined E values showed that the enzyme is
enantioselective toward the unsubstituted and the meta- and
para-substituted substrates (1, 3, 4), with E values of 57, 59
and 50, respectively, but does not discriminate the ortho-sub-
stituted substrate (2), for which the conversion rate is notably
slowed down.

The experimental results also indicate that the lipase enan-
tioselectivity progressively decreases with the size of the halo-
gen at the chiral centre. Indeed, the enantioselectivity drops
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from an E value of 57 obtained with bromine (1), to 26 and 1.5
with chlorine (5) and fluorine (6), respectively. To evaluate the
contribution of the halogen electronic effect on B. cepacia
lipase enantioselectivity, the bromine atom (r,qy=1.90 A) in 1
was substituted by a neutral methyl group (7; r,qw=2.0 A). Al-
though the reaction rate decreased for substrate 7, the lipase
remained selective with an Evalue of 35, suggesting that
lipase enantioselectivity is governed by steric hindrance of the
X-substituent.

In an attempt to evaluate the influence of substrate access
and positioning in the active site on B. cepacia lipase enantio-
selectivity, a computational approach was applied to simulate
and compare the enantiomer pathways.

Computation of substrate access/exit pathways

With the goal of analysing the relationship between the struc-
tural suitability of the active site access channel and the sub-
strate topology and lipase enantioselectivity, pathway compu-
tation was performed by using all-atom, hard-sphere models
of the molecules. Both the lipase and the substrate are mod-
elled as polyarticulated mechanisms, the motions of which are
restricted by geometric constraints such as steric clash avoid-
ance between spherical atoms with van der Waals radii.
Groups of rigidly bonded atoms form the bodies, and the artic-
ulations between bodies correspond to bond torsions. In this
study, the substrate and the lipase side-chains are considered
flexible, while the protein backbone is kept rigid. The key inter-
est of such mechanistic molecular models is to enable very fast
pathway computation from a conformational search based on
geometric constraint satisfaction, thus avoiding costly energy
calculations and long computation time spared to explore the
local minima of the energy landscape.

For a given substrate-enzyme pair, a path-planning tech-
nique is used to compute the substrate pathway for going
from a “productive” conformation in the active site to the pro-
tein surface. We can assume that the geometric difficulty en-
countered during the exit is similar to that during the entry.
The path-planning technique is a variant of the Rapidly-explor-
ing Random Trees (RRT) algorithm™® %! specially designed for
solving molecular disassembly problems. RRT is a randomized
path-search algorithm that incrementally constructs a tree
structure by expanding branches towards unexplored regions
of the search-space, while satisfying motion constraints (for ex-
ample, collision avoidance). Such behaviour makes it tend to
explore the space reachable from a given initial conformation
very rapidly (Figure 1).

Importantly, the computing time spent by the RRT algorithm
in finding a solution pathway is representative of the geomet-
ric difficulty of the problem. When the topologies of the sub-
strate and the active site access cavity are well suited, the RRT
algorithm will compute the solution pathway with a small
number of iterations. However, it will need more time to find a
pathway for a substrate of a structure that makes the access/
exit more constrained.

A first stage, before computation of access/exit pathways, is
to determine the substrate conformation in the enzyme active
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Figure 1. Three-dimensional projection of an RRT search tree on the position
parameters of the substrate’s centre of mass. The small red frames are the
nodes, corresponding to feasible ensemble protein-substrate conformations.
The edges (black lines) correspond to possible transitions. The tree projec-
tion tends to cover the volume accessible to the substrate from the “dock-
ing” position. It is computed with consideration of the flexibility of the sub-
strate and the protein side-chains.

site prior to reaction, which is the starting point for the RRT al-
gorithm. The tetrahedral intermediates mimicking the reaction
transition state were constructed for each enantiomer by a
previously described molecular-mechanics-based procedure.™
An example of the models obtained for the R and S enantio-
mers of substrate 3 is shown in Figure 2. This conformational
search allowed us to select conformations of the tetrahedral
intermediates satisfying the conditions required for catalysis:
1) hydrogen-bonding pattern needed to assist the catalytic re-
action, and 2) an acceptable lipase/substrate complex energy.
The group found at the stereocentres (Br, Cl, F, CH;) of both
enantiomers clearly adopted two different orientations, point-
ing either towards Leu167 or towards Val267 for the R and the
S enantiomer, respectively. The covalent bond between the
catalytic serine (Ser87) and the substrate was then broken to
create two separate molecular entities.

The robotics-based conformational search planner integrat-
ed in Biomove3D software was then used to sample the space
of all possible paths that substrates 1-7 can take to go from
the bottom (catalytic site) of B. cepacia lipase to the protein
surface (Figure 3).

Substrate pathway analysis

Because of the stochastic nature of the RRT algorithm, both
the solution pathway and the computing time differ slightly
from one run to another, so the algorithm has to be run sever-
al times in order to compute a more accurate estimate of the
substrate access/exit difficulty. To shorten the time required for

ChemBioChem 2008, 9, 1308-1317



www.chembiochem.org



Investigation of Lipase Enantioselectivity

Figure 2. Tetrahedral intermediates of substrate 3: the bromine atom is oriented towards Leu167 in the case of

FULL PAPERS

Tables2 and 3 report the
average CPU times and the
number of failures for each pair
of enantiomers listed in Table 1
obtained after five series of 100
calculation runs. Both parame-
ters to some extent reflect the
difficulty of the problem to be
solved. Significant variations of
the average CPU times are ob-
served for the different race-
mates. The acyl part of the sub-
strate has a clear influence on
the geometric exploration and,
by extension, on the trajectory
search. Nonetheless, the aver-

the R enantiomer (left), and towards Val267 in that of the S enantiomer (right). Val266 and Leu17, coloured in

yellow, define a bottleneck in the active site.

S117 / AL
/ \ F119

\
7/ T251

L167 '\ 55
L164
-_~_-..V266

Figure 3. Representation of the exit trajectories computed for ethyl (R)- and
(S)-bromo-m-tolyl-acetate (50 computed trajectories are represented for
each enantiomer). One enantiomer is shown in catalytic position (orange)
for reference purposes. In this illustration, trajectories display the displace-
ment of the enantiomer centre of mass along the computed path. The distri-
bution obtained for the R enantiomer (blue) appears to be clearly larger and
less constrained, in particular at the bottleneck formed by V266 and L17,
than in the case of the S enantiomer (white). B. cepacia lipase is shown as a
Connolly channel surface mapped with the lipophilic potential calculated by
the MOLCAD module implemented in Sybyl7.3.%

the tests, the algorithm reports a “failure” if a pathway reach-
ing the protein surface is not found after a time limit.
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age CPU time required to com-

pute S trajectories (3.0-104.9 s)

remains consistently larger than
the CPU time necessary to compute R trajectories (1.0-3.0s).
For example, Figure 4 illustrates the conformational changes
occurring along the pathway for the R and S enantiomers of
m-tolyl derivatives (3). Both the substrate and the protein side
chains have to adopt different conformations to go through
the bottleneck formed by Val266 and Leu17. Indeed, the cavity
narrowing at this position severely hinders the access of the S
enantiomer, while the access of the R enantiomer is barely ob-
structed. This is also clearly illustrated in Figure 3, where the
distribution of the computed trajectories for the S enantiomer
is significantly narrower at the bottleneck.

The difficulty experienced by the path planner in computing
the displacement of S enantiomers is clearly more pronounced
for substrates 1, 3 and 4, as illustrated by the number of com-
puting failures encountered in finding a solution (Table 2). In
parallel, experimental results indicate a preference for the R en-
antiomer. Consequently, we can suggest that a short CPU time
with very few failures reflects a more accessible path, which
also correlates with the experimentally observed enantioprefer-
ence. In contrast, a longer CPU time and/or a large number of
failures due to more difficult access for the substrate can be
correlated to lower reactivity. On this basis, CPU time descrip-
tor (and failures) thus appears to be a good qualitative indica-
tor of enzyme enantioselectivity.

The CPU(S)/CPU(R) ratios for all enantiomer pairs listed in
Table 1 were also determined and compared with experimen-
tally determined E values. For substrates 2-4, the ratios of the
computing times follow the same trend as observed for experi-
mentally determined E values (Table 2). These substrates differ
only in the presence or the position of the methyl group on
the aromatic ring. Notably, the motion planner never failed to
compute the trajectories of the ortho-substituted substrates (2)
whereas for the other three S enantiomers it failed several
times. The presence of the methyl group at the ortho-position
(2) slows down the computation of R enantiomer pathways
(larger CPU time), but considerably speeds up the CPU time
needed to search S enantiomer pathways, thus reducing the
CPU(S)/CPU(R) ratio.
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Table 2. Simulation of substrate trajectories: substrates differing in the R substituent on the phenyl ring.

4

Substrate Experimentally determined Average computing time [s] (£s.d.) In silico CPU (S)/ Number of computing failures
E value (vi R/vi 5)®! R S CPU (R) ratio R S
Br
WCzHS
: 57 (£7)@ 1.7 (£0.2) 24.0 (£1.3) 14 0 2
1
Br
C@‘/(]CQHS
43 (+£0.5) 3.0 (£0.7) 7.6 (£1.0) 3 0 0
O
2
Br
C,Hs
o 59 (£2)@ 1.7 (£0.4) 104.9 (£5.5) 61 0 197
3
Br
50 (£3)* 1.0 (£04) 39.0 (+£3.4) 40 0 11
(0]

[a] Refs. [12,13]. [b] vi R, vi S: initial rates.

Table 3. Simulation of substrate trajectories: substrates differing in the X substituent at the chiral centre.

7

Substrate Experimentally determined Average computing time [s] (+s.d.) In silico CPU (S)/ Number of computing failures
E value (vi R/vi S) R S CPU (R) ratio R S
Br
C2H5
57 (£7)® 1.7 (£0.2) 24.0 (£1.3) 14 0 2
(o]
1
Cl
CHs
26 (£1) 1.7 (£0.2) 6.1 (£0.4) 4 0 0
[0}
5
F
CoHs
1.5 (£0.7) 1.7 (£0.7) 3.0 (£0.7) 2 0 0
O
6
CH;
C2H5
35 (£3) 1.6 (£0.2) 8.1 (£0.3) 5 0 0
O

[a] Refs.[12,13]. [b] vi R, vi S: initial rates.

A relationship between CPU(S)/CPU(R) ratios and experimen-
tally determined E values is also observed for the series of sub-
strates differing in the X group at their stereocentres (Table 3).
Analysis of the trajectories also showed that the substrate with
the largest group at the stereocentre, such as a bromine atom
(1) or a methyl group (7), are more retained by the bottleneck,
and so it takes more time for the motion planner to find a
solution for the S enantiomer. However, the CPU times ratio
cannot be directly taken as quantitative estimates of E values
since they include some bias relating to the computational effi-
ciency of the path-planning technique. In a prior report,™ in
which a less evolved version of Biomove3D was used , differ-
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ent CPU ratio values were obtained for compounds 1, 5 and 6
but the same tendencies were observed, higher values being
obtained for the larger halogen atom.

Overall, our results indicate that the time necessary to find a
trajectory solution is a good indicator for predicting enzyme
enantiopreference. Classification of enzyme enantioselectivity
towards racemates differing only in the size of one substituting
group is also possible, and in silico predictions based on CPU
time ratio calculations correlate reasonably well with the enan-
tioselectivity. If the overall catalytic sequence is considered to
be describable as E+ S=ES—P and the equation of enantiose-
lectivity is defined as E= (K /K[)/(k:, /K;), by inclusion of the

cat’ cat
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ol &4———  in

Val266
N

Val266

_ » out

Val266

Figure 4. Conformational changes occurring along the paths for ethyl A) (R)- and B) (S)-bromo-m-tolyl-acetate (3).
Left: View of the active site. B. cepacia lipase is shown as a Connolly channel surface mapped with the lipophilic
potential calculated by the MOLCAD module implemented in Sybyl7.3.%%' The enzyme active site surface is colour-
coded (brown indicates more lipophilic regions, whereas blue codes for more polar ones). Right: Side views of
the conformational snapshots taken along the trajectory. For purposes of clarity, only conformational changes ob-

served for the substrate are shown.

rate constants £ can be rearranged as E=[k? k", (k*,+K5,)/

(k3 ,k,(k*  + k% )1. For each substrate, enantioselectivity is thus
dependant on the various rate constants. On this basis, our
modelling approach would be appropriate to predict enantio-
selectivity for the cases in which k_; <k_, and the equation of
enantioselectivity can be rearranged as E=k% /kS, if it is as-
sumed that the CPU time found for each trajectory is propor-
tional to k ;. These assumptions give us the boundaries of our
model. Indeed, they imply that the access and binding would
be slower than the chemical step, and thus be rate limiting.
This may be valid only in some cases, in particular for enzymes
featuring highly constrained active sites and reacting with
bulky substrates. In addition, the enzyme enantioselectivity is
the result of a subtle balance between thermodynamic and ki-
netic control contributions. Quantitative predictions have not
yet been achieved, and the introduction of some energetic cal-
culations during the trajectory search is now being considered,
in particular to take electrostatic attraction or repulsion into
account in order to improve our approach further.

Collision mapping—a tool for enzyme engineering

BioCD,*® the algorithm for collision detection and distance
computation integrated in Biomove3D, was used for fast iden-
tification of amino acid residues hindering the displacement of
(R,S) enantiomers along the active site pocket of B.cepacia
lipase. The distances between substrate and protein atoms
were measured along each solution pathway, and “contact-
pairs” were reported when these distances were below 85% of
the van der Waals equilibrium distances. The relative frequency
of contacts between the enzyme amino acid residues and (R,S)

ChemBioChem 2008, 9, 1308-1317
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racemates along the computed
pathways is shown in the form
of a collision histogram
(Figure 5). A contact with a fre-
quency of 100% for a given res-
idue means that atoms of the
substrate and of this residue
are, at one moment, very close
in all the computed pathways.
Ten amino acid residues display
a higher frequency of contact

¢ ) Leut?

Leu17

with the (RS) enantiomers.
These amino acids can be
classified into three groups

(Figure 6): 1) amino acids of the
active site (such as the catalytic
His286) and residues forming
the bottleneck (Leu17 and
Val266), 2) the amino acids right
after the bottleneck, located in
the intermediate region of the
funnel, 5-8 A from the bottom
of the pocket (Thr18, Tyr29 and
Leu287), and 3) the amino acids
of the catalytic pocket located
closer to the protein surface
(Tyr23, Phe146, Phe119 and Leu293). All these amino acids are
in proximity, which implies that the motion of one residue in-
volves a gear-like motion of others. Contacts are mainly detect-
ed (with the exception of Leu17) with amino acid side chains
attached to backbone atoms that contribute greatly to the
topology of the pocket. Of the residues listed in Figure 5,
some appear in a marginal way, such as Leu27, Thr291, Ala247,
Val123, Phe142, Leu248, Thr251 and Phe146. These lower colli-
sion frequencies again reflect here the location of these resi-
dues in the pocket, closer to the entrance of the pocket.

Analysis of the histogram of Figure 5 indicates that overall,
the more slowly reacting S enantiomers are in contact with res-
idues of the active site pocket more often than the R enantio-
mers. For each racemate, the frequency of contacts observed
is in good agreement with the average computing times
needed by the motion planner, as well as with the experimen-
tally observed enantiopreference determined for B. cepacia
lipase. These remarks support the in silico predictions of the
relative difficulty of accessibility encountered by the S enantio-
mers relative to their R counterparts quite well and highlight
the differences that exist between an active site exposed to a
solvent and a buried one surrounded by amino acid walls. The
number of contacts is also believed to be related to the diffi-
culty of positioning of a given substrate in a productive con-
formation at the catalytic site.

A more detailed structural analysis reveals that the accessi-
bility of the active site pocket and the positioning of the sub-
strate in it is basically governed mainly by four amino acids
(His286, Val266, Thr18 and Leu17). Indeed, the R and S enantio-
mers have to go through the bottleneck (Val266, Leu17, and
neighbouring Thr18) in order to gain access to the core of the
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Figure 5. Histogram representing the relative frequency of contacts between the enzyme amino acid residues and (R,S) racemates along the computed paths
(computed over 50 runs). Contacts over 50% are coloured in magenta, between 30-50% in purple, and between 15-30% in cyan. (Bb =Backbone, Sc=Side

chain of amino acid residues.)

Figure 6. Representation of the main amino acid residues identified by the collision detector. A) Front view of the
B. cepacia lipase active site pocket. B) Cross-section view of the active site, showing a funnel shape, with Val266
and Leu17 forming a bottleneck. The catalytic triad (Ser87, His286, Asp264) and the oxyanion hole (GIn88, Leu17)
are located at the bottom of the pocket. The four amino acid residues presenting the highest frequency of con-
tacts (>50% contacts) with substrates are coloured in magenta (Leu17, Thr18, Val266 and His286). For reference,

the catalytic Ser87 is coloured in yellow.

catalytic pocket to form the tetrahedral intermediate. Interest-
ingly, four of the amino acid residues identified by the collision
detector (Leu17, Phe119, Leu167 and Leu266 (equivalent to
Val266 in our B. cepacia lipase) have been selected for muta-
tion in previous investigations into B. cepacia enantioselectivity
engineering.”®*” Combinations of amino acid substitutions at
these four positions were found to be very effective for chang-
ing the enantiopreference from the S form substrate to the R
form in the case of ethyl 3-phenylbutyrate derivatives. These
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mutations would be expected
to produce drastic geometric
changes in the active site space,
although the effects of single
mutations at these four posi-
tions were not investigated. The
accordance of these results
demonstrates the interest of the
development of tools, such as
Biomove3D,*¥ to guide enzyme
engineering.

More and more, computation-
al and experimental studies
have revealed the importance of
enzyme dynamics for catalysis®'
34 and, for example, the connec-
tion between enzyme active site
motion and substrate turn-
over®-3" or the effect of muta-
tions distal to the active site.***”' With regard to lipase enan-
tioselectivity, theoretical analyses are generally based on de-
scriptions of the reactions by transition state theory. Thermo-
dynamic investigations have shown that differences between
enantiomers in activation free energy are due to variations of
both the enthalpic and the entropic terms,”'* but in most re-
ports the role of motions in the reaction environment has
been neglected. This is due to the difficulty involved in experi-
mentally demonstrating the gate-keeping and rate-controlling
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role of the molecular transport and motion from the enzyme
surface to the reactive centre, which requires data over a wide
range of timescales and the use of sophisticated experimental
methods. In the case of the kinetic resolution catalysed by li-
pases with deep and narrow active sites, modelling of the sub-
strate pathways while accounting for molecular flexibility is
also a difficult task for currently available techniques. Molecular
dynamics simulation could be applied to model substrate
pathways but will provide results only in the nanosecond time
range. Monte-Carlo algorithms enable the computation of
large motions but failed to provide a continuous chronological
description of the motion. The pseudo-molecular dynamics
under constraint that we had previously proposed needed
manual corrections to orientate protein side chains correctly
and avoid steric conflicts; it was also biased by a tendency of
falling in local minima of the energy landscapes and was much
too long for routine use.

The new approach proposed in this article, based on effi-
cient path-planning algorithms and fast geometric operators
specially designed for complex articulated chains, is well
adapted to and very efficient for exploring high-dimensional
conformational spaces. In addition, our simulations indicate a
qualitative correlation between the ratio of the average times
needed to compute the enantiomer pathways and the enan-
tioselectivity value, thus revealing their potential for fast
screening of racemates. In addition, analysis of the computed
pathways also enables rapid identification of the amino acid(s)
constraining access and movement of the enantiomers
through the narrow and deep active site pocket.

With regard to B. cepacia lipase, these results may help to
drive directed mutagenesis experiments to enhance lipase
enantioselectivity further. At a more general level, this fast
technique could be used as a pre-screening procedure to pro-
vide highly valuable information on mutation sites relatively
remote from the enzyme reaction site that cannot be easily ex-
plored by classical molecular modelling techniques. Indeed, re-
placement of such a residue might not only alter the accessi-
bility pathway of a substrate by making it more or less con-
strained, but could also induce conformational changes in the
substrate along the path, which could differ depending on the
enantiomer and thus exhibit modified enantioselectivity. This
strategy was applied to B. cepacia lipase to identify amino acid
positions important for enantioselectivity and to define the
best combination of mutations to introduce into the catalyst
in order to enhance its enantioselectivity with respect to a
given racemate of interest. Construction and screening of
mutant libraries targeted at these positions are currently being
completed in our laboratory. Results will be reported in a
future communication.

Experimental Section

All reagents were of commercial quality and were purchased from
Sigma/Aldrich. n-Octane was dried over molecular sieves (3 A)
before use. Free lipase from Burkholderia cepacia (Chirazyme L-1,
lyo) was purchased from Roche Diagnostics (Germany).

ChemBioChem 2008, 9, 1308-1317
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General procedure for the preparation of 2-substituted acids
and their ester derivatives: The synthesis of compounds 1-4 has
been described in a prior report.'?

(£)-Ethyl 2-chlorophenylacetate (5): Chlorophenylacetyl chloride
(43.6 mmol), ethanol (100 mL) and p-toluenesulfonic acid (0.2 g)
were stirred under reflux (4-5 h). Ethanol was evaporated at 35°C
(waterpump vacuum). The residual oil was dissolved in dichlorome-
thane (25 mL) and washed with a saturated sodium bicarbonate
solution (3x 10 mL) and finally with distilled water (10 mL). The di-
chloromethane solution was dried over magnesium sulfate, filtered
and then evaporated to dryness at 35°C (water pump vacuum).

(£)-Ethyl 2-fluorophenylacetate (6): Mandelic acid (commercial)
was first transformed into ethyl mandelate by the same procedure
as described above for the compound 5. A solution of ethyl man-
delate (11.1 mmol) in dichloromethane (2 mL) was added slowly to
a solution of DAST [(diethylamino)sulfur trifluoride, 11.1 mmol] in
dichloromethane (5 mL), cooled to —78°C. The reaction mixture
was allowed to warm to room temperature and mixed with cold
water. The lower layer was separated, washed with water, dried
with MgSO,, and evaporated to dryness at 35°C (water pump
vacuum). The obtained yellow oil was purified on silica gel with n-
hexane/ethyl acetate (95:5, v/v) as eluent to provide a colourless
liquid.

(£)-Ethyl 2-phenylpropionate (7): Compound 7 was synthesized
by the same procedure as described above for compound 5, by
starting from (=+)-2-phenylpropionic acid.

Spectroscopic data: Infrared spectra were recorded on a Perkin-
Elmer 1310 infrared spectrophotometer. 'H and "*C NMR spectra
were recorded on a Bruker AC200.1 ('H 200.1 MHz and 'C
50.3 MHz) spectrometer.

(+)-Ethyl 2-chlorophenylacetate (5): Yield: 73%; 'HNMR
(200 MHz, CDCl;, 25°C): 6=1.21-1.28 (t, *Jyy=7.1 Hz, 3H; CH,),
4.15-4.28 (qd, *Jy;y=2.7 and 7.1 Hz, 2H; CH,), 5.35 (s, 1H; CH),
7.35-7.53 ppm (m, 5H; ArH); *C NMR (50 MHz, CDCl,, 25°C), 0=
14.01 (CH;), 59.19 (CH), 62.55 (CH,), 127.99 (x2), 128.90 (x2),
129.30, 135.93, 168.41 ppm (COO); IR (neat): 7=1750 and 1730 (C—
0), 1600 and 1475 (C—C), 1280-1140 cm ' (C—0); elemental analy-
sis calcd (%) for C,H;,0,Cl: C 60.59, H 5.60; found: C 60.41, H
5.75%.

(+)-Ethyl 2-fluorophenylacetate (6): Yield: 61%; 'HNMR
(200 MHz, CD,COCD;, 25°C), 6=1.16-1.23 (t, *Jyy=7.1Hz, 3H;
CH,), 4.14-4.27 (qd, *Jyy=34, 7 Hz, 2H; CH,), 5.84 and 6.08 (d,
2Jur=47.5Hz, TH; CHF), 7.42-7.52 ppm (m, 5H; ArH); “CNMR
(50 MHz, CD;COCD;, 25°C), 6 =14.32 (CH,), 62.12 (CH,), 88.25 and
91.85 (d, CHF), 127.77, 127.88, 129.64 (x2), 130.43, 135.64 and
136.04, 168.77 and 169.33 ppm (d, COO); IR (neat): #=1750 and
1730 (C—0), 1600 and 1475 (C—C), 1280-1140 cm™' (C—O); elemen-
tal analysis calcd (%) for C,oH;;,O,F: C 65.91, H 6.09; found: C 65.58,
H 7.73%.

(4)-Ethyl 2-phenylpropionate (7): Yield: 80%; 'H NMR (200 MHz,
CDCl;, 25°C): =1.11-1.18 ppm (t, *};;=7.1Hz, 3H; CH,), 1.41-
1.45 (d, 3y =7.1 Hz, 3H; CH;), 3.69-3.79 (q, *Jyy=7.1 Hz, TH; CH),
4.01-4.13 (qd, *jyy=24 and 7.1 Hz, 2H; CH,), 7.23-7.33 ppm (m,
5H; ArH); *CNMR (50 MHz, CDCl;, 25°C): =14.43 (CH,), 19.17
(CH), 46.03 (CH), 61.00 (CH,), 127.77, 128.24 (x2), 129.38 (x2),
142.06, 174.62 ppm (COO); IR (neat): »=1750 and 1730 (C-0),
1600 and 1475 (C=C), 1280-1140 cm~' (C-0); elemental analysis
caled (%) for CyH,,0,: C 7412, H 7.92; found: C 73.71, H 7.75%.
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Enzyme-catalysed transesterification reactions: A typical transes-
terification was carried out in n-octane (5 mL) containing the ester
(0.25 mmol, 50 mm), octan-1-ol (0.75 mmol, 150 mm) and lipase
(5mgmL™"). The water activity was set to 0.04, and the tempera-
ture was maintained at 30°C. The mixture was shaken at 500 rpm
for the time indicated in Table 1. The progress of the reaction was
followed by sampling the reaction at regular intervals.

HPLC analysis: The chiral HPLC instrument was equipped with a
chiral column [Chiralpack AD, AS or OJ (25 cmx4.6 mm), Daicel
Chemical Industries Ltd, Japan] connected to a UV detector (at
254 nm). The conditions were: n-hexane/isopropanol 90:10, v/v for
1 and 5-9 with OJ column, and n-hexane/isopropanol 99.8:0.2, v/v
for 2-4 with AD column. Each transesterification reaction sample
was diluted 8-10 times in the mobile phase, filtered before injec-
tion (20 pL), and analysed at a flow rate of 1.0 mLmin™" at RT. The
retention times (ty/min) were as follows: 1: 15.40 (S), 17.80 (R); 2:
7.01 (S), 7.44 (R); 3: 7.14 (S), 7.50 (R); 4: 8.68 (S), 9.42 (R); 5: 13.30
(S), 14.30 (R); 6:9.10 (S), 10.60 (R); 7: 6.0 (S), 9.10 (R).

Determination of conversion rates and enantioselectivities
(E values): The conversion rate was calculated from HPLC results
by C=1-[(R+S)t/(R+S)t=0]x100. The enantioselectivity value
was the ratio of the initial rate of R enantiomer production (viR)
versus the initial rate of S enantiomer production (vi S): E value=
(vi R/vi S). The initial rates were determined, before 10% of sub-
strate conversion, by linear regression over at least five points.

Computational Methods

Construction of starting geometries: Starting models used to
map the enantiomer trajectories into the B.cepacia active site
were generated by the procedure described in an earlier report.
Firstly, a systematic conformational search around two dihedral
angles—@, (C1-C2-C7-C8) and @, (C2-C7-C8-09)—was performed
on a model of the substrate covalently bound to a catalytic serine
(Ser87). Geometry of low-energy conformers was then fully relaxed.
Subsequently, the minima solutions obtained in vacuum were
placed within the enzyme active site environment. To do this, we
used the X-ray structure of B. cepacia in complexation with a dieth-
ylphosphate inhibitor, kindly provided by M. Cygler and J. Schrag
(NRC Biotechnology Research Center, Montreal). For purposes of
consistency with our earlier paper we used the same truncated
form of the enzyme in this work."®! After an additional energy opti-
mization of the covalent intermediate complex models, only solu-
tions satisfying the hydrogen bonding pattern required for cataly-
sis and having an acceptable energy were kept.

Calculation of enantiomer trajectories: To allow the displacement
of the substrates along the active site path, the covalent bond be-
tween the catalytic serine and the carbon of the substrate carbonyl
function was broken to create two separate molecular entities.
These structures, in which the given substrate is in a catalytic posi-
tion but not bound to the enzyme, were subsequently minimized
in order to correct the hybridization of the carbonyl function from
sp® to sp? and to generate the molecular models used to start the
search for trajectories. From the starting docked position, enantio-
mer trajectories were computed with use of the Biomove3D inte-
grated path planner,® going from the bottom towards the en-
trance of the active site. During the search, the ligand was consid-
ered flexible, as well as the side chains of 17 amino acid residues
bordering the access channel to the active. In total, 68 degrees of
freedom of the entire enzyme-substrate complex were taken into
account (11 for the ligand and 57 for the protein side-chains).
Atoms were modelled at 80% of their van der Waals radii.
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To ensure that the geometric space of the active site was fully ex-
plored during the trajectory search, a preliminary test series of an
increasing number of trajectories (25, 50, 100, 500 and 1000) was
calculated for a given pair of enantiomers. The CPU time was then
averaged over the total number of tests performed. Comparison of
the average time needed for computing trajectories indicated very
similar results whenever series of 50, 100, 500 or 1000 random
tests were performed. On this basis, the choice was made to run
five series of 100 random tests to compute the trajectories for
each pair of enantiomers listed in Table 1. The standard deviation
was thus calculated from these five series of 100 tests to improve
the estimate of the imprecision over the computing times.

Equipment: Calculations, molecular constructions and graphic dis-
plays were performed on an Intel Pentium4 PC with a 3.2 GHz
processor and an 02 (R10000) Silicon Graphics workstation.
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Molecular Characterization of the NCoA-1-STAT6

Interaction

Markus Seitz,™ Ludovic T. Maillard,” Daniel Obrecht,”™ and John A. Robinson*®

Many protein-protein interactions involved in cell signalling, cell
adhesion and regulation of transcription are mediated by short
a-helical recognition motifs with the sequence Leu-Xaa-Xaa-Leu-
Leu (LXXLL, where Xaa is any amino acid). Originally observed in
cofactors that interact with hormone-activated nuclear receptors,
LXXLL motifs are now known to occur in many transcription fac-
tors, including the STAT family, which transmit signals from acti-
vated cytokine receptors at the cell surface to target genes in the
nucleus. STAT6 becomes activated in response to IL-4 and IL-13,
which regulate immune and anti-inflammatory responses. Struc-
tural studies have revealed how an LXXLL motif located in
2.5 turns of an a-helical peptide derived from STAT6 provide con-
tacts through the leucine side chains to the coactivator of tran-

Introduction

Signal transducer and activator of transcription 6 (STAT6) is a
multidomain cytoplasmic protein involved in the IL-4/IL-13 sig-
nalling cascade."? One important function of IL-4 and IL-13 is
the activation of genes involved in immune and anti-inflamma-
tory responses. Upon loss of IL-4 signalling, for example, T cells
fail to differentiate into Th2 cells and B cells are unable to un-
dergo antibody-class switching to produce IgE. Th2 cytokines
and IgE are intimately involved in allergic diseases, so inhibi-
tors of the IL-4 signalling pathway are potentially of therapeu-
tic interest for the treatment of allergic reactions, including
asthma and atopic diseases.”

Following binding of IL-4/IL-13 to the extracellular domain
of the IL-4/IL-13 receptor, STAT6 becomes phosphorylated,
whereupon it dimerizes through noncovalent interactions,
translocates to the nucleus and there binds through its DNA-
binding domain to the transcriptional start regions of IL-4/IL-
13 responsive genes.” A short C-terminal segment of STATS,
called the transactivation domain, recruits components of the
transcriptional machinery to activate transcription. One of
these components is the essential coactivator protein NCoA-1
(also called steroid receptor coactivator-1, SRC-1).! The interac-
tion between STAT6 and NCoA-1 is mediated by a short sec-
tion of the STAT6 transactivation domain that includes the se-
quence motif LXXLL (where X is any amino acid),” which upon
binding to a PAS-B domain of NCoA-1 folds into an amphi-
pathic a helix. The crystal structure of a STAT 6-derived peptide
(794-814) complexed with NCoA-1 PAS-B domain (257-385;
PDB ID code: 10J5, 2.2 A resolution) was reported recently
(Figure 1), and revealed how the hydrophobic leucine resi-
dues that are aligned along the helix, dock onto a shallow
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scription, NCoA-1. However, since many protein—protein interac-
tions are mediated by LXXLL motifs, it is important to understand
how specificity is achieved in this and other signalling pathways.
Here, we show that energetically important contacts between
STAT6 and NCoA-1 are made in residues that flank the LXXLL
motif, including the underlined residues in the sequence LLPPTE-
QDLTKLL. We also demonstrate how the affinity for NCoA-1 of
peptides derived from this region of STAT6 can be significantly
improved by optimising knobs-into-holes contacts on the surface
of the protein. The results provide important new insights into
the origins of binding specificity, and might be of practical value
in the design of novel small-molecule inhibitors of this important
protein—protein interaction.

Figure 1. Ribbon diagram of the STAT6-NCoA-1 complex prepared by using
PDB ID code: 10J5. In the helical STAT6 peptide (black ribbon; L795-E808)
P797, L802 and L806 (along one face of the helix) as well as L805 (at the
back of the helix) are shown in ball-and-stick format, along with L795 and
P796; F300 in the NCoA-1 domain (grey ribbon) is also shown as sticks.
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hydrophobic groove on the sur-
face of NCoA-1. This peptide
was reported to bind to the
NCoA domain with a dissocia-

mental Section.

Table 1. STAT 6-derived peptides and their affinities for NCoA-1. The dissociation constants (Ky) or inhibition
constants (K) were determined by direct FP or competitive FP assay, respectively, as described in the Experi-

. Peptide  Sequences Molecular mass HPLCY K, (K)
tno; Icotnsdtanlfx()lzi)l_()f 0‘8;;""‘ I caled [M+H]  ESMS [/ t; [min]  [um]
elate motifs—also
STAT6 GTWIGEDIFPPLLPPTEQDLTKLLLEGQGESG
called the nuclear receptor (NR
o ] ptor (NR) 1 LLPPTEQDLTKLLLEGQGESGY ~ 2401.2 2401.1 156 0.26
box—participate in many other |, Fluo-LLPPTEQDLTKLLLEGQGESG®  2596.2 2596.3 16.0 032
protein—protein interactions as- 3 LPPTEQDLTKLLLEGQGESGY ~ 2288.1 2288.1 122 7.5
; ; ; 4 uo- 09.1 08. 1.0 0.04
sociated with different aspects Fluo-GTWIGEDIFPPLLPPTEQDLTKLLLEGQGESG® 38 3808.8 2
. o 5 Ac-GTWIGEDIFPPLLPPTEQDLTKLLLEGQGESG®™  3492.8 3492.8 229 0.04
of transcriptional regulation.””'®
P 9 6 Ac-GTWIGEDIFPPALPPTEQDLTKLLLEGQGESG®  3450.7 3450.5 219 0.62
Crystal structures of several pro- | ; LLPPTEQDLTKLLLY 1757.0 1757.0 186 0.20
tein-protein interactions that 8 LLPPTEQDLTKLLY 1643.9 1643.8 17.1 0.80
involve LXXLL motifs have re- |9 Fluo-GTWIGEDIFPPLLPPTEQD® 2504.3 2504.1 16.8 =10

vealed broadly similar mecha-
nisms of recognition of the am-
phipathic helical motif.”) This
raises  important  questions

[a] Sequence of STAT6 protein from residue 783 to 814. [b] Fluo- and Ac- correspond to N-(5,6)-carboxyfluores-
cein and N-acetyl groups, respectively. [c] The mass corresponds to the monoisotopic [M+H]* species observed
by MALDI-MS. [d] HPLC analyses were performed by using a Vydac 218TP54 C18 column (250 x46 mm; particle
size 5 um; solvent A: H,O/TFA (0.1%, v/v); solvent B: MeCN/TFA (0.1 %, v/v); flow rate 1 mLmin~'; linear gradi-
ent A/B: from 85:15 to 45:55 in 25 min); tg: retention time.

about the origins of specificity
observed in these interactions.
For example, NCoA proteins
each contain several LXXLL motifs (NR boxes) as well as do-
mains that can bind to them. Nevertheless, only NCoA-1 inter-
acts with STAT6, although many of the residues that line the
LXXLL-binding site of the PAS-B domain are conserved
throughout the NCoA family.” Evidence exists for some NR
boxes that residues that flank the LXXLL motif make important
contributions to the specificity code.®'™

In the case of STAT6, mutagenesis of L802 and L805 to ala-
nine (which corresponds to LXXLL, L802/805 underlined) abol-
ished the interaction with NCoA-1 in both in vitro GST pull-
down assays and in vivo.”! In this work, we report more de-
tailed studies of the STAT6-NCoA-1 interaction, which have re-
vealed additional residues that flank the LXXLL motif in STAT6
that are important for binding to NCoA-1. We also report a
new fluorescence-polarization assay, which should be of value
for discovering inhibitors of this interaction. As a first step to-
wards this goal, we also demonstrate how the affinity of pep-
tides derived from this region of STAT6 can be significantly im-
proved by optimising knobs-into-holes contacts on the surface
of the NCoA-1 protein.

Results
Fluorescence polarization (FP) binding assay

A linear peptide, including residues L794-G814 of STAT6, was
first chosen for study since this includes the key LXXLL motif
and all of the residues visible in the STAT6-NCoA-1 crystal
structure (PDB ID code: 10J5, namely L795-E808). Peptide 1
(Table 1) has an additional C-terminal tyrosine to aid concentra-
tion measurements by UV. Peptide 2 was synthesised with
solid phase methods by using Fmoc chemistry, and (5,6)-car-
boxyfluorescein was coupled at the N terminus. The human
NCoA-1 fragment used for these studies included residues
T257-R385, which was expressed as an N-terminal Hiss,-tagged
protein in E. coli. After removal of the His-tag by proteolysis,

ChemBioChem 2008, 9, 13181322
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three additional residues (GHM) remain at the N terminus of
the T257-R385 NCoA domain. This protein, which was homo-
geneous by SDS-PAGE, gave the expected mass by ES-MS, and
was used for all the studies described below.

Titration of peptide 2 (1 um final concentration) with the
NCoA-1 protein (0 to 14 pum) was performed in HEPES buffer in
black 96-well microtiter plates. Figure 2 A illustrates a nonlinear
fit of the FP data to a single-site binding model, which gives a
Kp=(3204+20) nm for this interaction, with a fluorescence
polarization dynamic range AmP=(103+6) mP (mP of bound
peptide—mP of free peptide).

Next, competitive FP assays were performed by using pep-
tide 2 (1 um), the NCoA-1 domain (5 pm) and serial dilutions of
peptide 1 as competing ligand in 96-well microtiter plate
format in HEPES buffer. The ICs, value of 8.3 um was deter-
mined from the dependence of the FP signal on peptide 1
concentration (Figure 2B). Thereafter, the inhibition constant
(K) value of the competitive inhibitor (1) was calculated to be
(260+20) nm by using the method described by Nikolovska-
Coleska et al."? This is close to the K, value obtained for pep-
tide 2 as determined by direct FP, and suggests that the fluoro-
phore in 2 does not have a major influence on the interaction
with NCoA-1. Finally, the dissociation constant of peptide 1
binding to the NCoA-1 domain was also determined by iso-
thermal titration calorimetry (ITC). Three independent ITC
measurements at 298 K gave K, =(443+62) nm, AH=(—7.63+
0.13) kcalmol™ and TAS=+41.03 kcalmol™, after data fitting
to a simple 1:1 interaction model (Figure 2C).

Structure-activity studies

Each residue in peptide 1 was replaced in turn by alanine and
the affinity of the resulting peptide for NCoA-1 was deter-
mined by FP. The results revealed that three changes, at P797,
L802 and L806 (Table 2 and Figure 3) essentially abolished the
interaction with NCoA-1 (K;>25 pum), whereas mutation of
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Figure 2. A) Binding of peptide 2 (1 um) to NCoA-1 (0-14 um) monitored by FP; K, =(320+20) nm. B) Competition FP assay with peptide 1 as competing
ligand (0-100 um). The concentrations of peptide 2 and NCoA-1 were fixed at 1 um and 5 pm, respectively. The experiment was repeated four times, and
gave an ICs, of 8.3 um and a K; of (260 +20) nm. C) ITC for peptide 1 (500 um) binding to NCoA-1 (30 um) at 25 °C. Top panel: raw data from the titrations;
with the exception of the first peak, all peaks correspond to 8 pL injections. Bottom panel: integrated curves were fitted with the ORIGIN software by using

a single-site binding model.

L794 led to a =~ 50-fold reduction in affinity, and the effects of
changes at T798 and L805 were smaller but still significant (ca.
13-14-fold weaker). All other mutations had only minor effects
on affinity.

To confirm the importance of L794, additional experiments
were performed. First, peptide 3, which lacked L794 (Table 1),
was prepared and assayed, and was found to bind NCoA-1
with about 30-fold reduced affinity. Secondly, a longer STAT 6-
derived peptide that encompassed residues 783-814 was stud-
ied. Peptide 4, which had a fluorescein tag, and peptide 5
(without the tag) bound the NCoA-1 domain with about six- to

sevenfold improved affinity (K,~40 nm) compared to 1 and 2
in direct and competitive FP-binding assays. However, the
L794A mutant (peptide 6) again bound NCoA-1 with a signifi-
cantly reduced affinity (K,/0.62 pum). Finally, although the C-
terminally truncated peptides 7 and 8 retained significant affin-
ity for NCoA-1, peptide 9 showed much reduced affinity.

The plasticity of the van der Waals contacts with NCoA-1 at
two key sites in the STAT6 binding pocket was also explored
with analogues of peptide 1, in which either L802 or L806
were exchanged for a variety of similar hydrophobic residues.
The results show that substitution of leucine by valine at both
sites led to a significant drop in
affinity, whereas isoleucine, nor-

Table 2. Mutagenesis studies with peptide 1. The mutations and the resulting affinity (K) to the NCoA-1

domain are shown, as measured by competitive FP.

leucine (Nle) and phenylalanine
were all well tolerated (Table 2).
However, substitution of cyclo-

Peptide® K; [um] Peptide® K Tum] Peptide™ K: [um] hexvialani (Cha) .
exylalanine a) at posi-

peptide 1 0.26£0.02 K804A 0.39+0.04 L802v 1.08+0.1 . L

L794A 13.310.6 L805A 344+02 L8o2lI 0.32£0.02 tion 806" led. Fo a FenfOId in

L795A 0.52+0.03 L806A >25 L802Nle 0.22+0.02 crease in affinity; this was pre-

P796A 0.39+£0.04 L8O7A 0.27+£0.04 L802F 030+0.04 sumably due to an optimisation

P797A >25 ES08A 0.19£0.1 L802Cha 0.94+0.06 of the van der Waals contacts.

T798A 3.67+0.35 G809A 0.14+0.05 L806V 3.

E799A 0.78+0.01 Q810A 0.16£0.01 L8osl 0.32+0.02

Q800A 0.114+0.02 G811A 0.21£0.02 L806Nle 0.68+0.04 Discussion

D801A 0.35+0.1 E812A 0.18+0.03 L806F 0.47 +0.04

L802A >25 S813A 0.13£0.02 L806Cha 0.0340.015 Fluorescence polarization (FP) is

T803A 0.38+0.04 G814A 0.28£0.03

[a] The normal amino acid code is used; Nle=L-norleucine and Cha= L-cyclohexylalanine. All peptides were
>95% pure as determined by analytical HLPC and 600 MHz 'H NMR spectroscopy, and gave the masses ex-

pected by MALDI-MS (for details see Table 1 legend).

a sensitive, robust and frequent-
ly used method for the study of
protein-ligand interactions.'*™
The successful use of FP re-
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>25 um >25 um >25 um

LLPPTEQDLTAEKLLLEGQGES SGSG

Figure 3. Summary of the binding affinities of a panel of peptides for NCoA-
1 that resulted from substitution of each residue in the sequence 794-814
(LLPPTEQDLTKLLLEGQGESG; the LXXLL motif is underlined) in turn by ala-
nine (Table 2). The K; values from competition FP assays are indicated.

quires a fluorescently labelled ligand with high affinity for the
receptor of interest. The fluorophore should not influence
ligand binding, but should have an appropriate fluorescence
lifetime and cause minimal unspecific binding. In this case
5(6)-carboxyfluorescein was appended to a linear peptide that
included residues L794-G814 of STAT6, since this region in-
cludes the key LXXLL motif and all of the residues visible in
the STAT6-NCoA-1 crystal structure (PDB ID code: 10J5),
namely L795-E808. The apparent dissociation (Kp) of peptide 2
for NCoA-1 was (320+20) nm by FP, whereas the correspond-
ing unlabelled peptide 1 showed a K; of 443 nm by ITC meas-
urements. The good agreement with the results reported earli-
er'® strengthen confidence in these affinity determinations by
FP and ITC.

In the earlier studies of Litterst and Pfitzner,” only L802 and
L805 were mutated in turn to alanine, and these mutations
abolished binding of STAT6 to NCoA-1 in their GST pull-down
assays. To extend these studies, we systematically replaced
each residue in peptide 1 by alanine, and determined the
effects on binding to the NCoA-1 domain using the competi-
tive FP assay. In addition, binding assays were performed with
both longer and shorter peptides (Table 1), which showed that
residues downstream of L806 do not contribute sig-
nificantly to binding. However, residues on the N-ter-
minal side of the LXXLL motif in STAT6 clearly make
important energetic contributions to binding NCoA-
1. In particular, the side chains of L794, P797, L802
and L806 are key hot-spot residues in this interac-
tion, in which T798 and L805 are of intermediate im-
portance.

The crystal structure of the STAT6 peptide-NCoA-1
domain complex (PDB ID code: 10J5) provides a ra-
tionale for some of these results, since P797 and the
side chains of L802 and L806 are deeply buried at
the interface, whereas the side chain of L805 points
to the side of the interface and is partly solvent ex-
posed (Figure 1). The P797A substitution will also
alter the conformational and hydrogen-bonding
properties of the peptide, as well as the van der
Waals contacts with the base of the binding site,
and the importance of these individual changes on
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binding affinity are presently difficult to quantify. However,
L794 is not visible in the STAT6-NCoA-1 crystal structure. The
N-terminal residue of STAT6 included in the structure is L795.
The ¢/y angles of residues L795, P796, P797 and T798 are in
the extended (B) region, which clearly suggests that L794 is
not part of the helical epitope that encompasses the LXXLL
motif. Indeed, it seems the backbone around L795 must kink
(or turn) to allow the side chain of L794 to fold back against a
hydrophobic patch on the surface of NCoA-1 near F300, rather
than extending out into solution.

Finally, the plasticity of the STAT6 binding site on NCoA-1
was explored at two key sites with a series of peptide 1 ana-
logues in which either L802 or L806 were exchanged for a vari-
ety of similar hydrophobic residues. The results show that sub-
stitution of leucine by other aliphatic and even aromatic
groups is tolerated without a significant drop in affinity
(Table 2). Most interesting is the effect of substituting leucine
by cyclohexylalanine at position 806, which led to an about
tenfold increase in affinity; or expressed another way: addition
of a whole cyclohexane ring, in going from alanine to cyclo-
hexylalanine, improved the affinity by over 1000-fold (Table 2).
Molecular modelling studies suggest that the larger cyclohexyl-
alanine side chain fills a cavity that is left partially empty by
the L806 side chain in peptide 1 (Figure 4). This increased hy-
drophobic contact surface appears to be a major source of the
improved binding affinity.

The binding studies described here considerably extend our
understanding of specificity in this important STAT 6-NCoA-1
interaction, and establish which side chains displayed along
the backbone of the STAT6 peptide are important for binding
to NCoA-1. This information could also be of practical value, as
there is growing interest in the design of novel protein-pro-
tein interaction inhibitors in general, and of the STAT6 signal-
ling pathway in particular. Thus selective inhibitors of some
steroid receptor-coactivator interactions have been designed
by using helix-stabilized cyclic peptides,"*'® as well as alterna-
tive nonpeptidic scaffolds."®*” A careful analysis of energetical-
ly important interactions and potential knobs-into-holes inter-

Figure 4. The STAT6-NCoA-1 structure from RCSB PDB file 10J5. The peptide is shown as
a ribbon and stick model, and the surface of NCoA-1 is shown in beige. A) View from the
C terminus of STAT6, with the L806 side chain and the pocket filled by the cyclohexylala-
nine mutant (L806Cha; Table 2); the surface of a cyclohexyl side chain is indicated by the
red mesh. B) View from the N terminus of STAT6, showing P797 and the likely binding
site for L794.
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actions, inside and outside such LXXLL binding sites, might
provide new opportunities for the design of novel specific
transcription factor inhibitors.

Experimental Section

Description of the synthesis and analytical characterisation of the
peptides, as well as the production of the NCoA-1 protein used in
this work are given in the Supporting Information.

Fluorescence polarization (FP) assay: In all experiments HEPES
buffer was used (10 mm HEPES, 150 mm NaCl, 3.4 mm EDTA,
pH 7.4). Assays were carried out in black 96-well microtiter plates
(Greiner). For the K, measurement of peptide 2-NCoA-1 complex,
solutions that contained peptide 2 (10 plL stock solution, final con-
centration 1 pum) and NCoA-1 (final concentration 0-14 um) were
prepared in a total volume of 100 uL HEPES buffer. The plate was
shaken for 5 min at room temperature, and FP was then measured
by using the standard configuration. After normalisation, the frac-
tion of bound peptide 2 (B) was determined, and the K was calcu-
lated according to Equation (1):

B:ﬁ (L + Re+ Kp) =/ (L + R+ Kp)? = (4LR,) M

where L, is the total peptide (ligand) concentration, R, is the total
protein (receptor) concentration and K, is the dissociation con-
stant.l"!

Competition FP: Each well of a black 96-well microtitre plate was
loaded with 10 uL of 2 um (or 10 pum for alanine scan experiment)
peptide 2 solution, 10 uL of 10 um (50 uMm in the alanine scan)
NCoA-1 solution, and with peptide 1 (or analogue) at a final con-
centration in the range 0-100 um (or 0-400 um for weak binders).
In each well the total volume was made up to 100 pL by the addi-
tion of HEPES buffer. The microtiter plate was incubated at room
temperature for 5 min, and the FP was then measured; each mea-
surement was duplicated. In all assays, peptide 1 was included in
the first two rows as a positive control. Since the total fluorescence
intensity of peptide 2 remains similar for all samples, the fraction
of peptide bound to NCoA-1 is correlated to the fluorescence
polarization (F,). Thus, the free fraction (L) of peptide 2 can be
derived from Equation (2):

ForFl

Ly=—
Fo—F

()

in which F; corresponds to the FP of the total free peptide (0% in-
hibition) and Fﬁ corresponds to the FP of the total bound peptide

(100% inhibition).

After normalisation, data were fitted with IGOR pro software
(WaveMetrics, Lake Oswego, OR, USA) to a sigmoid equation to de-
termine the ICy, values. The K; values were calculated from ICg,
values according to the method described by Nikolovska-Coleska
etall?

J. Robinson et al.

Isothermal titration calorimetry (ITC): Experiments were per-
formed by using a Microcal VP-ITC instrument. Both injected pep-
tide 1 and NCoA-1 were equilibrated in ITC buffer (10 mm HEPES,
pH 7.4, 150 mm NaCl, 3.4 mm EDTA). NCoA-1 was dialyzed into ITC
buffer and used at a final concentration of 30 um. Experiments
were carried out at 298 K and typically involved 30 injections of
peptide 1 (8 pL; 500 um). The results were analyzed with the man-
ufacturer’s software by using a simple 1:1 ligand-binding site
model.
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